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SPACE  PROCESSING 
PAYLOADS  FOR  SPACELAB 

By  N 7 d 

K.  R.  Taylor* 

National  Aeronautics  and  Space  Administration 
Marshall  Space  Flight  Center 
Huntsville,  Alabama  25812 
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R.  1.  Hamnel  , A.  G.  Smith,  P.  R.  Mock,  R.  0,  Stevenson 
TRW  Systems  Group 
Redondo  Beach,  California  90278 


j SUMMARY 

This  paper  discusses  the  definition  of  facilities  which  will 
serve  the  research  needs  of  a large  group  of  users.  These  facilities 
(payloads)  are  derived  by  several  combinations  of  items  from  a large 
j inventory  of  modular,  reusable,  research  equipment  which  enables  ready 

i‘  response  to  many  flight  opportunities.  Workable  concepts  have  been 

prepared  and  submitted  to  the  Spacelab  design  activity  These  designs 
permit  the  flying  of  either  partial  or  dedicated  payloads.  The  tecnniLal 
i integrity  of  the  modular  approach  to  payload  design/integration  and  the 

\ utility  of  commercial -equi pment  technology  are  also  addressed  in  this 

I paper, 

i 

INTRODUCTION 

NASA's  Space  Processing  Program  [1]  has  generated  six  objectives 
and  thei^  related  phases  for  the  198U-1990  time  period,  as  shown  in 
Table  I.  In  total  the  objectives  encompass  the  required  course  of 
product  research  and  development  from  the  initiation  of  SPA  Shuttle/ 
Spacelab  operations  to  the  end-item  goal  of  engaging  in  commercial 
manufacturing  operations  in  earth  orbit. 

This  paper  discusses  the  necessary  concepts  and  requirements 
for  Space  Processing  payloads  tA  accommodate  the  performance  of  the 
Shuttle-supported  research  phase.  Since  the  purpose  of  the  early 
activity  is  to  identify  those  processes  and  materials  having  technical 
merits  warranting  exploitation,  ample  opportunities  to  examine  many 
candidates  will  be  needed.  The  product(s)  and  associated  payload(s) 
for  prototype  u r manufacturing  activities  will  be  idpntifiable  only 
after  successful  accomplishment  of  the  initial  R&D  efforts. 

Consistent  with  the  performance  of  a research  program,  frequent, 
short-term,  sortie-mission  modes  are  especially  suited[2]  to  verifying 
space  processing  hardware  performance  and  refining  experiment  protocols. 
Furthermore,  return  of  space  processed  samples  to  earth  represents  a 
fundamental  difference  between  tnis  discipline  and  remote,  sensor-type 
missions  such  as  earth  observations  or  astronomy. 

♦Paper  presented  by  - K.  P.  Taylor 
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While  perhaps  not  so  obvious,  an  equally  important  feature  will  be  the 
routine  retrieval  of  the  payload  equipment  via  Shuttle.  This  will  open 
a new  era  of  testing  in  which  reuse,  reconfiguration  and  modifications 
of  the  payloads  can  systematically  occur.  This  latter  feature  dictates 
the  use  of  a reusable,  reconfigurable , payload  design  and  portends  a 
modular  approach  to  payload  design  and  integration. 


Table  I.  SPA  Objectives  and  Their  Related  Time  Phasing 
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It  is  believed  that  the  practice  of  leaning  how  t.c  conduct  space 
processing  activities  using  multi-purpose,  reusable  and  reconfigurable 
payloads  aboard  Shuttle  will  be  an  active  process.  This  learning  process 
must  be  aided  by  establishing  simplified  ha rdwa re/host  vehicle  and 
operational  interfaces.  Design  3Dproaches  must  be  fostered  that  will 
allow  the  scientists  to  have  rapid,  convenient  and  repeated  access  to 
Space  Shuttle  facilities  in  a cost  effective  manner. 

SALIENT  REQUIREMENTS  ANTICIPATED 


Ke-ep’ng  in  mind  that  the  ultimate  objective  of  Space  Processing 
is  the  achievement  of  product  commercialization,  the  following  antici- 
pated requi  remfents[3]  describe  the  nature  of  the  pay  "load  equipment 
capabilities  that  are  necessary  to  engage  in  a Shuttle-implemented, 

R&Q  phase. 


o 


Wide  Ranaina  - Bread  Rmeri t 7 .’.  Activities 


The  benefits  of  performing  materials  orocessing 
experiments  under  a near-weightless  condition  in 
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space  is  projected  to  have  applicability  to  numerous 
and  various  types  of  materials.  These  range  from 
electronic  materials,  crystals  and  glasses,  metals, 
alloys  and  compounds  to  biological  specimens.  While 
specific  product-oriented  activities  are  yet  to  be 
established,  initial  investigations  have  uncovered 
potential  space  processing  in  the  following  areas: 
crystal  growth,  puri fication/separation , mixing, 
solidification,  and  chemical  and  physical  processes 
in  fluids. 

E volu t i cKar-jj  Qngoi no  R5D  Efforts 

An  initial  period  spanning  many  years  will  be  necessary 
to  establish  and  conduct  an  ongoing  research  and  develop- 
ment program  which  will  lead  to  the  ultimate  discipline 
goals  of  identifying  and  implementing  the  product ;on  of 
economically  viable  space  products.  The  in-space  k&D 
efforts  will  be  highly  evolutionary,  building  heavily^ 
upon  an  experimental  learning  process  as  the  techn'c’l 
community  determines  methods  and  evaluates  results 
through  the  aggressive  performance  of  an  in-space  R&D 
program. 


Due  to  a lack  of  prior  art,  much  of  the  experimental 
activities  will  necessarily  involve  emphasis  on 
identifying  and  characterizing  those  process  methods 
and  controls  which  are  necessary  in  the  use  of  the 
payload  equipment. 

I d cnti fi ca ticn  of  S uffi dent  E 7 u : r~:eni  Capability  To 
E>:  : 7.7.'  - Tn*:>'r~rt  'd  the  T^ohnicol  C pr^un  it'j 

To  best  serve  the  space  processing  community,  provisions 
must  be  made  for  providina  an  inventory  of  equipment 
which  is  responsive  to  its  R&D  needs  and  which  can 
readily  be  configured  into  research  payloads.  Fortunately, 
many  experimental  areas  in  materials  science  and  technology 
have  common  equipment  requirements,  therefore,  the  labor- 
atory approach  which  provides  a complement  of  apparatus 
and  instruments  appears  feasible.  This  approach  would 
serve  a large  number  of  potential  investigators,  yet  would 
maintain  economical  equipment  and  apparatus  develop- 
mentcosts.  A rational  . initial  inventory  of  equipment 
has  been  established  and  must  be  updated  as  the  program 
develops  in  order  to  meet  the  wide  spectrum  of  potential 
research  needs. 


As  stated  in  the  introduction,  perhaps  the  greatest  challer. 
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facing  both  the  Space  Shuttle  and  Spacelab  development 
are  those  concerned  with  system  usage,  not  with  the 
vehicles  themselves.  A new  era  is  beginning,  the  era 
of  space  exploration  which  requires  participation  by 
a very  broad  cross  section  of  the  scientific  community. 

The  emphasis  is  no  longer  upon  simply  overcoming  phenomena 
due  to  a weightless  environment  but  upon  exploiting  and 
using  these  phenomena  to  achieve  economic  benefits.  In 
the  exploitation  phase,  the  problem  is  to  ta..e  advantage 
of  the  physical  and  chemical  cnanges  caused  by  the  in- 
space  environment.  The  behavior  of  fluidc  in  space  is 
a good  example.  The  implementation  of  this  phase  requires 
thorough  understanding  and  characterisation  of  phenomena 
which  can  only  result  from  detailed  scientific  analysis. 

To  achieve  these  results  the  payload  design  engineer  and 
the  research  scientist  must  work  closely  together  so  that 
requirements  are  continually  matched  with  capabilities. 


Workable  system  level  concepts  must  be  based  on; 
real  requirements 

o simplified  operational  procedures 
o minimum  interfaces  with  the  flight  vehicle 

The  partici;  ction  cf  :he  international  scientific 
community  is  vital  to  the  establishment  of  this  system. 

Only  in  this  way  can  the  design  of  space  processing  payloads 
provide  rapid,  convenient  and  repeated  access  to  space 
in  a cost-effective  manner. 

A rev iew  of  six  R&D  categories  (as  listed  below)  was 
conducted  using  exemplary  experimental  activities  in 
each  r.  oa  to  establish  the  following: 

- Experiment  functional  requirements 

- Required  tyoes  of  apparatus  and  instruments 

The  Space  Processing  R&D  categories  considered  include: 

Biilcgics:  Processes 

- Chemical  Process  in  Fluids 

- Crystal  Growth 

* Glass  Preparation 

- Metallurgical  Processes 

- Physical  Processes  in  Fluids 

In  this  process,  over  40  seoarate  experiment  cesses 
were  reviewed.  Each  individual  experiment  class 
considered  represents  a potential  area  of  study 
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conceivably  of  interest  to  many  principal  investi- 
gators. The  resulting  equipment  and  ins trumentation 
identified  to  support  the  experimental  efforts  exceeded 

90  items.  Foth  tf-,p  number  of  exemplary  experiment 
..lasses  a»'d  rL-quirc.J  associated  pa/^osd  equipment 
reflect  the  wide  ranging  diversity  of  anticipated 

space  processing  activities. 


The  nature  of  contemplated  space  processing  R&D  studies 
will  require  frequent  and  repetitive  flight  opportunities 
by  most  investigators  to  satisfy  their  experimental 
objectives.  For  this  reason  planned  research  studies 
rather  than  single-point  or  random  opportunities  are 
needed. 

A very  active  learning  process  will  occur,  particularly  during 
the  initial  years.  Thus,  progress  in  Space  Processing  as  a discipline 
will  be  closely  paced  by  how  repetitively  the  multitude  of  investigators 
can  obtain  a sufficient  nu  ber  jf  short-duration,  fas t-reacti on  flight 
opportunities.  Shuttle-supported,  7-  to  30-day-long,  earth  orbital, 
sortie  missions  afford  an  excellent  means  provided  that  the  payload 
equipment  configurations  can  match  available  resources.  This  is 
particularly  necessary  when  considering  shared  payload  opportunities. 
Furthermore  * quick  reaction  a1 tern^t i ves  must  be  possible,  to  allow  a 
constant  rematch  of  continuously  evolving  scientific  requirt;  lents  with 
ongoing  flight  opportunities. 

CONCEPTS  FOP  UlETINS  ANTICIPATED  REQUIREMENTS 

The  nature  of  the  equipment  concepts  to  meet  the  experimental  needs 
and  usage  requi rerrents  for  both  the  user  and  operator  are  considered  here. 
The  establishment  of  an  initial  equipment  inventory  which  would  be  made 
available  to  support  multiple  experimenters  is  a paramount  issue  to  Soace 
Processing.  In  addition  to  the  sa-p^es,  other  -innr  experiment-unique 
hardware  may  occasionally  be  required  by  an  individual  investigator;  but, 
primarily  the  nayloads  would  be  formed  from  a NASA  inventory  of  equipment. 
Evolutionary  changes  in  both  the  apparatus  desiqns  and  equipment  inven- 
tories would  naturally  occur  as  in-space  experimentation  progresses.  The 
following  paragraphs  describe[3]  activities  or  approaches  directed  toward 
planning  ahead  for  the  occurrence  of  the  discussed  concepts. 


An  initial  inventory  of  equipment  and  instruments  has  been 
identified,  based  upon  the  examination  of  a cross  section  of  experiment 
functional  requirements.  A listing  of  this  inventory  is  included  in 
Table  II.  Equipment  functional  specifications  were  then  prepared  which 
describe  the  anticipated  areas  of  usage,  functional  requirements/rationale 
and  specifications  or  criteria.  Thirty-six  specifications  were  prepared 
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IT)  ADO  '*E  TOTAL  ENERGY  P£R  HISiiOM*  FOR  EACH  INDIVIDUAL  SU8ELEXNT  TO  THE  l ME  ROT  NEEDED  8Y  THE  CORE.  THE  CORE  ENERGY  IS  OETERHlNCO 
9*  4,>  :nG  'MR.  (FOR  INITIAL  AND  YE  RHINAL  OPERATIONS)  TO  T*  RESPECTIVE  ‘TOTAL  ElPERIHWT  ELAPSEO  TIK’  (3)  AMO  MULT  I REV  INC  THIS  IT 
The  J«xia  LEVEL  OF  THE  CORE  (1.8**). 

(2)  INCLjOIS  THE  TIME  REQUIRED  FOR  CXI  ERIHCNT  PREPARATIONS,  OPERATIONS  AMO  POST  ACTIVITY  PLUS  INITIAL  AMO  TERMINAL  OPERATIONS. 

[lj  MCI  jOf  S THE  TIX  REQUIRED  FOR  EXPERIMENT  PREPARATIONS , OPERATIONS  AMO  POST  ACTIVITY. 

[4]  CAL  A ATE D 9/  DlVIOl.NG  THE  'TOTAL  ENERGY  PER  MISSION’  [I]  9Y  THE  ’CYCLES  PER  NISSIfrT. 

[5)  CALUAATEO  8Y  OIVIuMG  THE  ‘^TAl  xPERIXNT  ELAPSEO  TINE  * (3]  BY  THE  CYCLES  PER  MISSION’. 

[6]  PEAK  nwFR  IS  The  DIFFERENCE  3f  rwE  E N Tm  ’AVERAGE  POWER’  [7]  AMO  THE  H,  CHEST  POWER  LEVEL  THAT  OCCURS  WITHIN  THE  PAVLQAO  CO*  I NAT  ION. 

[7)  CALCULATED  BY  DIVIDING  THE  * AVI  RACE  E“EfV  PER  Ctat’  14]  8Y  THE  ’DWUf’ON  PER  CYat  AT  AVERAGE  POWLS*  [SJ . 

(01  SiJ . 'AMED  POWER  IS  THE  TYPICAL  POMES  LEVEL  THAT  OCCURS  DURING  THE  EXPEI-HENT  OPERATIONS  AMO  EICLUOCS  EXPERIXNT  PREPARATIONS  AMO 
PG,i  *■  ' IV1TV  TIYCS-  IT  IS  CALCULAi EO  BY  ADDING  THE  SUSTAINED  [NERGlI  f OF  THE  RESPECTIVE  SUBflEXNTS  AMO  CORE  AMO  DIVIDING  IT  Tl€ 

S M Of  THE  EXPERIMENT  OPERATIONS  TIMES  OF  THE  SUBELEXNTS. 

(9 J rCN  '*S  OF  THE  TOTAL  FOR  THE  EQUIPMENT  ITEMS  PLUS  AM  APPROPRIATE  FACTO 1 TO  A!  LOW  FOR  SUPPORTING  STRUCTURES  OR  EXTRA  SPACE. 

1 10]  CON'MuOUS. 

[11]  Dl PENDENT  UPON  PAYLOAD  COWlNAIiUM  BEING  CONSIDERED. 

M J 1 I HUH  SUflELCMENT  DEFINITE  0_N  S 

t • SEPARATION  OF  BICH.0G1  CALS  EXPERIUNT 
f : IMMISCI0U  SOLIDIFICATION  E XPERIXNT 

9 • RADICAL  LIFETIMES  LaFERIXNT 
I : GLASS  PREPARATION  EXPERIMENT 
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which  cover  55  items.  These  documents  quantify  the  equipment  and 
instrumentation  and  provide  a reference  baseline  description  for  record 
keeping.  This  inventory  of  apparatus  can  then  be  formed  into  payload 
groupings  to  serve  a host  of  experiments.  Large*  custom-made  facilities 
must  be  avoided  in  order  to  remain  flexible  and  versatile  in  the  grouping 
concept. 


it  novation  of  Equii'^it 
.V  -vee  Possible 


fi'jn  Conner cial  TcSnnc  logics  to  the  Greater  l 


Examination  of  commercial  equipment  technologies  revealed  that 
the  functional  performance  requirements  of  space  processing  equipment 
could  generally  be  met  by  state-of-the-art  design  practices.  Thus, 
an  apparatus  could  be  evolved  from  a standard  item  or  derived  by  custom 
design  using  present  technologies.  About  15  percent  of  the  equipment 
needed  has  no  analogous  commercial  base  of  derivation  and  requires  special 
development.  This  equipment  is  involved  primarily  with  contactless  heating 
and  position  control . 

The  derivation  of  payloads  using  commercial  equipment  sources 
provides  a broad  and  potentially  cost-effective  base  upon  which  to 
draw.  Since  the  derivation  of  payload  equipment  from  commercial 
technologies  poses  other  issues  beyond  that  of  the  identifiable 
functional  performance,  additional  comment  is  provided  in  a later 
section;  but  preliminary  results  on  selected  equipment  testing  of  out- 
gassing  characteristics  performed  by  Beckman  Instruments  under  Contract 
NAS  8-29776  appear  quite  favorable. 


Modular  Payload  Equipment  Groupings 

* 

Concepts  for  structurally  grouping  inter-related  apparatus  and 
instruments  have  been  based  upon  modular  approaches.  On  this  basis, 
the  following  benefits  occur: 

- Payloai  equipment  groupings  can  readily  be  assembled  for  a variety 
of  possible  mission  opportunities  ranging  from  austere  to  devdicated. 

Reconfiguration  and  refurbi shment  can  be  a practical,  routine 
occurrence. 

It  is  possible  to  adapt  to  many  possible  host-vehicle,  interface 
schemes . 

- Equipment  and  apparatus  interface  management  is  effected  prior  to 
host  vehicle  integration. 

- Standard  interfaces  can  be  defined  and  maintained  between  the  payload 
equipment  and  Inc  host  vehicle. 

Major  payload  equipment  groupings  have  been  organized  around  the 
following  five  payload  subelements: 

Furnace : A grouping  of  furnaces  and  associative  apparatus  for 
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perform’ no  activities  in  which  physical  contact  with  the  specimen  is 

permissible. 


Levitation:  Apparatus  providing  contactless  positioning  and 

heating  of  specimens  with  associated  process  control  and  characterization. 

Biological : Equipment  which  produces  separation  of  biological 

samples  with  associated  preservation  and  storage  capacity. 

General  Purpose:  Provides  services  with  associated  characterization 

equipment  supporting  the  accommodation  of  a variety  of  modest  temperature 
research  - physical  or  chemical  fluid  studies. 

Core:  Consists  of  centralized  data  acquisition,  processing  and 

equipment  control  functions. 

By  example, the  Furnace  subelement  equipment  listing  and  interfaces 
are  shown  in  Figures  1 and  2. 


In  all  cases  each  of  the  first  four  individual  experiment  sub- 
elements, or  portions  thereof,  would  be  capable  of  being  used  i ndependently 
of  other  payload  equipment  when  combined  with  the  core  subelement.  Such 
autonomous  groupings  are  particularly  attractive  for  partici pation  in 
shared  payload  opportunities  and  to  accommodate  shifts  in  functional 
emphasis . 


The  subelement  concept  further  lends  itself  to  identifying  and 
establishing  Spacelab  accommodation  modes  and  operational  requirements . 
Engineering  descriptions  of  these  payload  groupings  have  been  prepared 
and  are  available  in  Reference  3.  Ongoing  efforts  are  also  addressing 
self-contained  automated  payload  concepts  which  would  be  used  either 
with  or  without  a Spacelab  as  part  of  a Shuttle  payload  complement. 

Out  of  five  Spacelab ■ acconrodat i un  concepts  which  were  considered, 
two  were  selected  for  further  study.  Figure  3 illustrates  various 
payload  subelement  accommodations  for  a single  floor,  two-aisle  config- 
uration. Alternately,  the  same  payload  subelements  are  shown  in  tne 
arch  configuration  in  Figure  4. 

SPA  power  and  heat  rejection  kit  (PHRK)  concepts  which  have 
been  identified  are  shown  in  Figure  5.  The  SPA  kit  is  visualized  as 
an  augmenting  power  and  heat  rejection  capability  when  used  in  conjunction 
with  Soacelab.  By  being  capable  of  containing  automated  furnace  and 
levitation  equipment  the  kit  also  provides  the  payload  basis  for 
experimentation  in  an  automated  mission  mode. 

MISSION  PLANNING 


In  the  foregoing  section,  the  requirements  imposed  on  the  payload 
design  by  both  the  space  processing  goals  and  the  space  shuttle  flight 
system  were  discussed.  This  section  will  discuss  the  current  Space 
Shuttle  mission  n.odel  and  its  implications  on  payload  design. 
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Examination  of  the  Space  Shuttle  System's  mission  traffic  model . 
provides  a basis  of  idrntifying  the  degree  to  which  frequent  and  repetitive 
access  to  space  might  occur  for  the  purpose  of  corductinq  Space  Processing 
activities.  Furthermore,  thi  s enables  the  structuring  of  the  cc"'pl  e~  ent 
ot  payload  types  that  are  required  in  order  to  effect  the  projected 
incorporations  into  the  various  Shuttle  mission  modes.  Ultimately,  the 
number  of  sets  of  payload  equipment  of  each  of  the  defined  types  can  be 
derived  in  conjunction  with  other  planning  and  scheduling  constraints. 

NASA  Mission  Model 


The  most  recent  mission  model  contains  727  flights  over  the  period 
from  1980  to  1991.  Currently,  payloads  are  assigned  to  488  of  these 
flights  and  239  remain  unassigned.  Figure  6 presents  a division  of 
flights  by  type:  Dedicated,  Assigned  and  other  opportunities. 


Sp  2 oc  Pro c ess  l ng _ Po: < l : ; jzd  F l : g h t Peg uir ere nts 

Space  processing,  both  for  reasons  of  operating  economy  and 
achieving  program  goals,  must  take  advantage  of  every  flight  opportunity. 

In  fact,  an  effective  space  processing  experiment  program  will  require  a 
logical  iterative  sequence  of  flight  experiments.  A true  evaluation  of 
some  processes  may  require  a series  of  flight  experiments  in  which  one 
parameter  at  a time  is  varied.  Considering  this  and  the  very  large  number 
of  materials  that  must  be  evaluated,  it  appears  that  a space  processing 
payload  could  be  effectively  utilized  on  nearly  every  flight. 

In  light  of  the  mission  model  and  the  desire  to  maximize  the  number 
of  SPA  flight  opportunities,  six  Shuttle  System  accommodation  mission  mode 
types  are  summarized  in  Figure  7.  Of  the  six  modes  listed,  Spacelab- 
dedicated,  Spacelab-shared  and  automated  modes  appear  to  represent  the 
concepts  that  will  require  major  anticipatory  payload  planning  and  will 
afford  maximum  SPA  flight  opportunities  within  the  mission  model. 

" > ;ndertake  this  many  flight  opportunities  and  to  utilize  full/ 
the  Space  Shuttle's  payload  capability  will  require  an  inventory  of 
payloads  designed  to  match  the  caoacities  and  restrictions  imposed  by 
each  type  of  mission.  In  order  to  accomplish  the  above  objectives,  an 
inventory  of  payload  equipment  has  been  defined  which  can  be  combined 
to  form  complements  of  payloads.  Specific  details  are  outlined  in  the 
following  sections. 

E:uiment  Invent 

An  initial  listing  of  equipment  items  was  derived  as  a result  of  an 
analysis  of  generic  classes  of  representative  Space  Processing  experiments. 
Subsequently, revi ew  and  updating  of  the  equipment  inventory  has  and  is 
expected  to  be  a continuing  effort  due  to  the  development  of  the  experimental 
areas  within  the  international  technical  community.  It  is  to  be  emphasized 
that  a continuing  active  participation  of  the  technical  community  with 
regard  to  the  equipment  functions  will  control  the  prolificacy  of  the 
experimental  program  to  a great  degree.  Use  of  this  preplanned  complement 
of  apparatus  will  occasionally  be  supplemented  by  individual,  experiment- 
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unique  fixtures  supplied  by  the  investigator  to  further  enhance  the  equip- 
ment utility. 


^ # " y ) 9 T*  t ' > ^ y*  ^ * s ^ ' K ' J ^ ■> 

A su:-t ary  of  trr.s  inventory  of  pqui:rrert  is  presented  in  the  attach- 
ment. Expanding  upon  the  summary  data  of  the  attachment  has  been  the  prep- 
aration of  Equipment  Functional  Specifications.  The  equipment  functional 
specifications  which  have  been  drafted  serve  as  a starting  point  in  the  quant- 
ification of  the  equipment  and  instrumentation.  They  provide  both  a reference 
baseline  description  and  the  basis  for  record  keeping.  The  initial  specification 
performance  requirements,  design  approach  and  descriptions  must  be  treated 
as  tentative  at  this  time  and  will  require  updating  as  further  definition 
progresses.  It  is  essential  to  document  this  continuous  ieaming  process. 

Three  major  sections  of  each  Equipment  Functional  Specification  were 
prepared: 

Anticipated  Usage.  This  is  a narrative  functional  description 
of  application(s)  in  which  the  apparatus  is  to  be  used.  This 
description  may  be  applicable  to  several  experimental  activities 
and  relates  to  the  functional  requirements  derived  from  an 
examination  of  the  generic  SPA  experiment  classes  in  various 
R&D  categori es . 

Functional  Requl rements/Rational e.  This  is  an  explicit  functional 
description  nf  the  apparatus  under  consideration.  Particular 
descriptive  content  may  include  control  functions,  data  output, 
power  input,  interface  requirements  and  safety  considerations. 

Speci fi cations/Cri teria . Where  applicable  and  available, 
quantitative  and  qualitative  information  is  included  such  as 
temperature  ranges  of  interest,  require,,  accuracy  of  performance/ 
control /measurement . 

The  collection  of  these  functional  specifications  are  planned  to 
ultimately  result  in  toe  issuance  of  an  "Experi  -e^te'-'  s Handbook"  which  in 
conjunction  with  other  activities  would  assist  the  Principal  Investigators 
in  the  planning  and  execution  of  their  experimental  programs. 

The  next  issues  at  hand  require  that  the  equipment  inventory  be 
capable  of  being  formed  into  payload  configurations,  which  must  be  consistent 
with  both  the  experimental  objectives  and  the  host-vehicle's  accommodation 
modes.  Additional  issues  have  been  examined  and  concepts  have  been  developed 
for  this  to  occur. 

’ * * ( ^ * '-v  - J*  / p * ; ; *’  ; 


Illustrating  another  important  aspect  of  the  payload  accommodation 
requirement  is  the  necessity  of  identifying  and  planning  the  range  of  values 
of  interface  requirements  between  the  host-vehicle  and  payload  equipment. 
Since  the  SPA  discipline's  objectives  require  a need  to  respond  to  ever- 
changing  equipment  complements  as  both  experimental  objectives  and  mission 
opportunities  evolve,  an  initial  system  has  been  established  to  conveniently 
allow  numerous  permutations  of  experiments  and  apparatus  groupings  to  oe 
characteri zed. 
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For  each  mission  mode  selected,  overall  layouts  must  be  prepared 
which  illustrate  the  payload  equipment/host  vehicle  accommodation.  Due 
to  the  enormous  number  of  distinct  combinations  of  experiments  that  may 
be  performed  in  the  various  anticipated  mission  modes,  a detailed  anal>sis 
of  the  data  requi  rer.cn :s  involved  in  each  case  is  mandatory.  By  using  the 
results  of  this  program  in  the  planning  of  the  experiment  timelines,  better 
usage  of  the  facilities  available  may  be  made. 

After  developing  this  plethora  of  data,  a means  must  be  found  by 
which  an  effective  display  may  be  prepared.  A successful  method  of  doing 
this  has  been  found  and  involves  the  computer  generation  of  three-dimensional 
bar  graphs. 

A TRW  Systems  computer  program  named  3G3D  makes  a graphical  display 
of  a set  of  positive  numerical  values  that  are  assigned  to  the  separate 
grid  squares  of  a rectangular  grid.  This  procedure  provides  a highly 
effective  method  of  visualizing  a vast  set  of  data  - much  better  than  by 
reading  a matrix.  By  using  the  BG3D  program  and  also  by  making  use  of 
some  two-dimensional  displays,  a comprehensive  study  may  be  made  of  the 
many  data  requirements.  Those  singled  out  and  analyzed  initially  are 
power,  energy,  weight  and  volume.  Others  will  be  completed  later,  such 
as  heat  rejection,  source  power  requirements,  electromagnetic  compatibility 
and  data  management. 

Several  files  must  be  established  from  which  data  may  be  drawn  in 
order  to  initiate  the  plots.  These  are: 

o Equipment  Files 

For  each  piece  of  equipment  in  the  SPA  inventory  a separate  data 
record  is  established  which  includes  weight,  volume  and  power  profile. 

If  the  equipment  has  both  a sustained  and  peak  power  level,  both  are 
specified. 

c Experiment  Files 


For  each  experiment  to  be  performed  a separate  data  record  is 
established  which  includes  a list  of  each  piece  of  equipment  used  and 
its  start-up  and  shut-down  times. 

o Mission  Files 


For  each  mission  considered,  a separate  data  record  is  established 
which  includes  the  experiments  being  performed  and  their  start  times. 

Illustrating  a power  profile  display  for  twelve  (12)  SPA 
experiments  is  the  BG3D  presentation  shown  in  Figure  8. 

INTEGRATION  & INTERFACES 

There  are  other  aspects  which  are  required  in  anticipating  the 
payload  designs  and  which  compliment  the  concepts  described  in  the  prior 
paragraphs.  The  issues  of  :ict  "what",  but  "how"  must  be  addressed  through 
early  systems  engineering  and  subsystems  design  analysis  in  order  to 
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ascertain  the  technical  viability  of  the  concepts.  The  major  interfaces 
to  the  payload  equipment  that  must  be  considered  in  these  analyses  are 
shown  in  Figure  9.  Some  of  the  main  issues  are  summarized  below. 

Jr-  .'r . ■:  k > .j  -‘.I  rf  MrJu  7 ir  Par^load 


Subsystem  interface  analysis  was  performed  to  establish  the  integrity 
of  the  modular  approach  to  the  equipment  design  and  integration.  Salient 
areas  that  were  selected  for  analysis  were  power  and  power  conditioning, 
heat  rejection  and  electromagnetic  Capability  (EMC). 

; l 

Power  and  Power  Conditioning 

Earlier  studies  indicated  that  virtually  all  equipment  requires 
special  conditioning  of  the  input  power  (high  volt,  low  volt,  regulation, 
etc).  An  examination  of  the  input  power  available  from  the  Spacelab 
indicated  a possible  mismatch  in  special  equipment  requirements  for  a 
majority  of  cases  (including  commercial  equipment).  Maximum  flexibility 
in  integrating  subelements  into  the  Spacelab  is  achieved  if  the  power 
conditioners  are  not  centralized,  but  are  part  of  the  equipment. 

Based  upon  these  conclusions,  and  in  close  correlation  with  the 
thermal  and  other  aspects  of  payload  design,  efforts  were  directed  at 
examining  the  power  requirements  that  follow: 

Power-Load  Renui rements 

The  number  of  possible  SPA  experiments  are  diverse.  For  the  purpose 
of  narrowing  the  scope  of  this  study,  the  equipment  and  load  profiles  for 
twelve  representative  experiments  were  identified.  These  twelve  SPA  experi- 
ments are  listed  in  Table  II.  Throughout  this  paper,  the  twelve  experiments 
will  be  identified  by  the  numbers  one  through  twelve.  Two  of  the  twelve 
experiments  were  chosen  as  being  representative  of  the  group  and  are 
described  in  greater  detail  to  illustrate  the  evaluations  used  in  the 
analysis.  They  are  Experiment  #1 , Metallurgical-Furnace,  Encapsulated 
Immiscible  Combination,  and  Experiment  *8,  Biology  Appl ications-Continuous 
Flow  Electrophoretic  Separation  of  Proteins.  The  profiles  of  the  power- 
source  loads  for  these  two  representative  experiments  are  presented  in 
Figure  10. 


Power  Availability 

The  Shuttle  Orbiter  will  provide  electrical  power  from  its  three 
fuel  cells  in  support  of  the  Orbiter  and  the  Spacelab  operations.  One 
of  the  three  Shuttle  Orpiter  fuel  cells  is  dedicated  to  the  Spacelab 
electrical  power  requirements  during  normal  Snuttle  operation.  This 
power  supplies  the  Spacelab  subsystems  and  the  excess  is  available  to 
the  pavload.  The  current  Spacelab  subsystem  requirements  result  in  a 
payload  allocation  of  4.0  to  4.8  KW  average  (24  hour/day)  and  9.0  KW 
peak  for  1 5 mi nutes . 
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TABLE  II 


SPA  EXPERMC’.'T  I DENT! c I CAT  I ON 


1.  METALLURGICAL -FURNACE 

ENCAPSULATED  IMMISCIBLE  COMBINATION 

2.  METALLURGICAL -LEVITATION 

PREPARATION  OF  PURE  ALLOYS-CONTAINERLESS  MELTING 

3.  CRYSTAL  GROWTH- FURNACE 

MOLTEN  ZONE  CRYSTAL  GROWTH 


4.  CRYSTAL  GhOWTH  - LEVITATION 

CRYSTAL  GROWTH  BY  PULLING  FROM  CONTAINERLESS  MELT 

5.  GLASS  TECHNOLOGY -FURNACE 

PREPARATION  OF  MULTIPHASE,  SILICATE  BASED  GLASS 


6. 

7. 


GLASS  TECHNOLOGY-LEVITATION 


i n 

uu2°3 


BIOLOGY  APPLICATIONS -STATIONARY  COLUMN 

ELECTROPHORETIC  SEPARATION  OF  PROTEINS 


8.  BIOLOGY  APPLICATIONS -CONTINUOUS  FLOW 

ELECTROPHORETIC  SEPARATION  OF  PROTEINS 


9.  PROCESSES  IN  FLUI DS-LEVITATION 

CjUAINERLESS  POSITION  CONTROL  OF  LIQUIDS  BY  ELECTRO- 
MAGNETICS 


10.  PHYSICAL  PROCESSES  IN  FLUIDS-GENERAL 

THERMAL  GRADIENT  CONVECTION  IN  LIQUIDS 

11.  CHEMICAL  PRQCESSES-LEVITATION 

CHAIN  REACTIONS  AFFECTED  BY  CONVECTION 

2.  CHEMICAL  PROCESSES-GENERAL 
RADICAL  LIFETIMES 
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Additional  power  sources  must  be  provided  to  fulfill  electrical 
power  requirements  that  exceed  the  allocation  of  electrical  power  from 

the  Orbiter.  The  power  sources  considered  were  supplemental  and/or 
peaking  battery  kits  anJ  tne  use  of  a Power-Heat  Rejection  Kit.  This  Kit 
will  contain  up  to  two  Shuttle-typo  fuel  cells  and  the  necessary  plumbing, 

controls,  reactants  and  tankage  to  satisfy  the  SPA  experiment  requirements. 
The  Power-Heat  Rejection  Kit  would  provide  up  to  14  KW  of  continuous  power 
and  peaks  of  up  to  24  KW  for  15  minutes. 

The  use  of  the  experiment  payload  allocation  from  the  Orbiter  and 
the  Power-Heat  Rejection  Kit  will  provide  electrical  power  to  the  SPA 
experiments  of  from  4.0  to  18.8  KW  continuously  and  peaks  of  up  to  33  KW 
for  15  minutes.  , 

For  the  purpose  of  assessing  the  capability  of  the  electrical 
power  allocations  to  satisfy  the  SPA  experiment  requirements,  Figures 
11  and  12  summarize  the  sustaining  and  peak  experiment  electrical  power 
requirements  at  the  source  for  eacn  ot  the  12  identified  experiments. 

These  were  used  to  provide  a comparison  with  the  power  allocations  from 
the  Spacelab  and  the  Power-Heat  Rejection  Kit  which  is  shown  in  Figure  13. 
These  figures  also  compare  the  average  and  peak  electrical  power  capabi- 
lities of  one  and  two  fuel  cell  systems. 

Power  Conditioning-Distribution 

The  electrical  power  conditioning  and  distribution  subsystem  must 
distribute  power  to  the  experimental  equipment  from  the  power  source,  in 
a safe,  efficient  manner.  A number  of  concepts  were  considered  and 
compared  relative  to: 

1)  Impact  on  subelement  payloads 

2)  Impact  on  host  vehicle  (Spacelab) 

3)  Modularity/flexibility 

4)  Efficiency,  weight  and  size 

5)  Safety 

6)  Electromagnetic  Compatibility  (EMC) 

This  comparison  resulted  in  the  following  recommendations:  A 

115  VAC-400  Hz,  single-phase  system  for  the  low  power  experiment  bus, 
and  a 115  VAC-1 600/1800  Hz,  3-phase,  4-wire  system  for  the  high  power 
experiment  bus.  A block  diagram  showing  the  power  distribution  system 
is  shown  in  Figure  14.  Power  conversion  from  28  VDC  to  400  Hz  and  1800 
Hz  AC  is  accomplished  by  static  DC  to  AC  inverters,  which  are  frequency 
and  phase  synchronized  to  prevent  dynamic  interactions  and  system 
instability.  The  inverters  are  self-protecting  for  overvoltage  on 
input  and  overload  and  short  circuit  on  output.  Further  consideration 
will  be  given  to  the  modularization  of  both  the  input  and  output  junction 
boxes  into  several  separate  modules  so  that  in  case  of  a major  fault  some 
bus  protection  will  be  provided  by  the  physical  separation  of  the  switching 
elements. 


544 


Of  course,  throughout  this  activity  a continuous  trade  study  of 
power  conditioning  and  distribution  equipment  efficiencies  on  the  thermal 
control  requirements  was  made.  Several  thermal  interfaces  between  the 
electrical  power  and  thermal  control  subsystems  were  evaluated.  The 
primary  interface  is  the  dissipation  of  ail  electrical  energy  consumed 
by  the  experiments,  i.e.,  the  energy  under  the  experiment  power  source 
profiles  must  be  dissipated  by  the  thermal  control  subsystem.  The 
dissipation  of  this  energy  requires  additional  electrical  energy  for 
operation  of  the  thermal  control  equipment  resulting  in  an  increase  in 
electrical  energy  that  must  be  dissipated.  Other  thermal  interfaces 
considered  were  the  dissipation  of  heat  from  the  fuel  cells  and  the 
resultant  by-product  (water)  produced  by  the  fuel  cells  for  potential 
use  by  the  thermal  control  subsystem.  Based  upon  the  experiment  load 
requirements  and  assuming  the  use  of  the  Power-Heat  Rejection  Kit,  a 
thermal  control  pump  system  electrical  power  requirement  of  470  watts 
continuous  was  determined  to  satisfy  the  thermal  control  subsystem 
requi rements . 

Therrra  1 _ P_e  ■ r f o r m a n c e_  R e q u i_r enT nts 

The  thermal  interface  analysis  was  addressed  in  the  fol lowing  way: 

Indent  i fie  a t i on  o f__Wa  s te  Heat  Requirements: 

The  thermal  control  subsystem  provides  the  required  thermal  protection 
to  maintain  all  subsystems  within  thermal  limits  for  all  mission  phases  for 
the  experimental  equipment.  Waste  heat  dissipation  timelines  were  developed 
for  the  equipment  selected  in  the  subelements.  The  timelines  were  necessary 
to  establish  magnitude  ana  duration  of  peak  loads.  Items  of  equipment  that 
have  waste  heat  requirements  were  separated  into  two  groups:  (1)  those 
that  can  be  met  by  the  Spacelab  capability,  ard  (2)  those  items  that 
require  supplemental  capability. 

Identi f i c a tion  of  Special  Interface  Problems : 

In  addition  to  ^ jnt  of  heat,  some  items  of  equipment 

were  identified  trat  . * > * spec'f'L.  ft  c mature  requirements  such 

as  component  touch  or  conversation  temperature  limits. 

Thecal  Control  Coiling  Concepts: 

For  the  purpose  of  assessing  tne  magnitude  of  the  tnermal  control 
problem,  different  thermal  control  s/stem  concepts  were  investigated 

to  deter^'v  f air  capability  to  provide  the  necessary  thermal  control. 
Although  t^e  assessment  was  of  a preliminary  nature,  the  concept  analyses 
did  indicate  a number  of  where  •"edifications  to  SPA  timelines  and/or 

equipment  would  be  .necessary. 

The  air  cooling  system  concept  depends  upon  the  Spacelab 
supplied  air  flow  for  cooling  of  rack  mounted  electronic  equipment. 

In  the  analysis  of  this  rnnCent,  a simplified  thermal  model  of  a typical 
cabin  thermal  control  extern  and  the  SPA  air  cooling  loop  were  o^eritnd , 
based  upon  the  studies  conducted  at  MSFC  on  the  Sortie  Lab.  : ^ 

analyses  to  date,  it  appears  that  air  cooling  is  feasible  pr:v;j;-,j  yvo 


necessary  r/,.:A*  can  be  provided  on  the  commercial  equipment. . 

The  liquid  cooling  system  is  similar  to  the  air  cooling  concept 
ny.cept  that  the  equipment  mounting  rails  in  the  rack  are  cooled  by 
coolant  lines.  A parametric  analysis  was  conducted  to  assess  the 
feasibility  of  using  a water  cooling  loop  with  cold  plate  mounted 
electronics.  The  liquid  cooling  concept's  feasibility  depends,  tc 
a large  extent,  on  the  design  of  the  liquid  distribution  system. 

A properly  designed  system  must  be  capable  of  providing  the  required 
flow  rate  at  a low  enough  pressure  drop  to  result  in  a reasonable 
pump  power  requirement.  A complete  assessment  of  the  coolant  loop 
characteristics  would  require  a detailed  thermal  analysis  for  a 
specific  configuration,  however,  it  appears  that  a liquid  cooling 
loop  would  be  feasible. 

A heat  pipe  system  employed  as  a cooling  concept  for  Space- 
lab  was  also  investigated.  Such  a system  would  provide  the 
capability  of  a thermal  energy  transport  without  an  attendant 
expenditure  of  power  for  an  electromotive  device  (fans,  pumps,  etc.). 
It  was  determined  that  the  heat  transport  requirements  on  the  heat 
pipe  system  that  results  from  a typical  rack  power  dissipation  distri- 
bution are  too  severe.  The  number  of  pipes  required  were  considered 
impractical  in  relation  to  air  or  punned  liquid  cooling.  Heat  pipes 
can  be  used,  however,  for  dumping  heat  from  the  various  components 
into  the  air  ducts. 

Thermal  Control  Subsystem  of  Power/Heat  Rejection  Kit: 

The  Power/Heat  Rejection  Kit  (PHRK)  thermal  control  subsystem 
(TCS)  consists  of  a pumped  liquid  loop  which  rejects  thermal  energy 
to  space  via  a thermal  radiator  located  on  the  exterior  of  the  PHRK 
structure.  The  system  is  a liquid  loop  using  two  radiators  to  reject 
the  thermal  energy  absorbed  from  the  fuel  ceils,  e^ctronio  equipment 
and  furnaces.  The  primary  radiator  is  a high  temperature  radiator 
for  high  heat  rejection  and  the  secondary  radiator  is  to  provide 
temperature  drop  in  approxima tely  ten  percent  of  the  flow  for  cooling 
room-temperature  operating,  electronic  equipment.  A thermal  capacitor 
is  included  in  the  system  downstream  of  the  primary  radiator  to  store 
the  thermal  energy  that  exceeds  radiator  capacity  until  such  a time 
as  the  thermal  load  falls  within  radiator  capability. 


*P  = Component  Power 

UA  = Effective  Thermal  Conductance  From  Component  to  Coolant 
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Figure  15  shows  the  PHRK  heat  dissipation  system  for  those  missions 
where  the  kit  is  in  support  of  SPA  payloads  within  the  Spacelab.  The  heat 
rejection  subsystem  was  baselined  on  a 7 ft,  body  mounted  radiator  length. 
The  useable  experiment  duty  cycle  was  then  defined  for  this  system  versus 
the  average  experiment  power  involved.  Subsequently,  study  of  the  heat 
rejection  system  designs  required  to  operate  at  7 kW  and  14  kW  electrical 
steady-state  has  been  initiated.  At  the  fuel  cell  sources,  the  previous 
electrical  values  reflect  a steady-state  heat  rejection  problem  of  11.3  kW 
and  22.3  kW  respectively.  The  steady-state  approach  to  defining  the  use 
of  a supplemental  power  and  rejection  kit  represents  an  extreme  usage 
limit.  On  the  other  hand,  examination  of  possible  duty  cycle  usages 
based  upon  average  experiment  power  illustrates  usage  options  with  this 
approach.  While  the  SPA  experiment  activities  revolve  around  both  power 
and  energy  availabilities,  it  can  be  conclusively  shown  that  heat  rejection 
will  always  pose  the  primary  limitation  in  achieving  the  associated  sub- 
system support.  This  is  particularly  true  in  light  of  the  limitations 
affecting  the  thermal  subsystem  design  of  radiator  size,  fuel  cell 
temperatures  and  use  of  capacitors. 


Electromagnetic  Compatibility 


A similar  activity  was  performed  for  the  analysis  of  the  electro- 
magnetic compatibility  (EMC)  interface.  Historically,  EMC  has  been 
approached  by  testing  engineering  models  per  a military  specification. 

In  contrast,  modeled  payload  analysis  could  be  used  to  predict,  characterize 
and  provide  trade  solutions  in  the  design  activity.  Most  of  the  data 
required  for  detailed  EMC  study  was  not  readily  available.  A beginning 
was  necessary  for  two  important  reasons:  one  is  that  the  problem  area 

had  to  be  opened  up  to  establish  the  approach  to  EMC  control,  the  other 
was  that  in  order  to  exploit  every  mission  opportunity,  SPA  payloads 
must  be  capable  of  operating  in  close  proximity  to  almost  any  other 
experiment.  An  EMC  evaluation  of  commercial  equipment  was  one  of  the 
most  important  things  to  emerge  from  this  effort,  since  commercial 
equipment  cf  the  kind  envisioned  by  SPA  had  not  considered  EMC  in  the 
broad  sense  as  necessary  with  space  systems.  This  showed  up  in  component 
design,  component  assembly  techniques,  and  lack  of  measured  or  analytical 
EMC  data.  The  EMC  problem  is  further  aggravated  by  the  high  currents 
and  voltages  required  by  SPA.  The  initial  efforts  have  been  aimed  at 
various  levels  of  cateyori zation  of  the  payloads  and  interfacing  equipment 
and  at  the  establishment  of  initial  estimates  for  the  EMC  environment  for 
the  representati ve  payload  configurations.  A test  program  was 
started  to  measure  some  of  the  pertinent  EMC  characteristics  of  R&D  proto- 
types of  equipment  similar  to  that  under  consideration  as  potential  SPA 
payloads. 


One  of  the  most  prominent  sources  of  steady-state  radiated  inter- 
ference among  the  SPA  candidate  payloads  is  the  Induction  heater.  The 
Induction  heater*s  radiated  Interference  can  be  expected  to  be  a major 
consideration  for  the  design  of  the  Spacelab  data  handling  and  communication 
equi pment. 
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Figure  16  Illustrates  the  levels  of  magnetic  field  radiation 
ro 3 ' u re d at  a 1 meter  distance  from  one  of  the  two  induction  heaters 

tested. 

Performance  of  an  Analysis  Regarding  the  Subject  of  Camercial 
E -pment  Uti  li  tu 

An  initial  review  of  numerous  payload  equipment  items  showed 
that  the  functional  requirements  required  of  most  of  the  apparatus  are 
available  from  commercial  sources.  While  the  functional  aspects  are 
satisfied,  other  required  usage  factors  that  needed  to  be  considered 
included  outgassing  or  flammability  of  the  materials,  packaging  and 
material  substitution  options,  power  conditioning,  EMC  and  heat  transfer. 

The  ultimate  host  vehicle  criteria  imposed  will  profoundly  influence  the 
amount  of  modification  necessary  item  by  item,  however,  the  coimiercial 
equipment  design  technology  base  remains  the  primary  source  of  apparatus 
development.  Even  though,  at  the  outset,  the  use  of  commercial  equipment 
appeared  potentially  promising,  a number  of  usage  factors  remained  to  be 
resolved.  Specific  factors  that  were  examined  included  the  following: 

- Safety 

- Packaging 

- Structural 

- Power  Conditioning 

- Thermal  Control 

- Materials  of  Construction 

The  list  of  commercial  utility  aspects  were  broken  into  three 
categories.  The  first  category  included  the  areas  of  packaging,  structure, 
power  conditioning  and  thermal.  This  group  was  concerned  with  questions 
related  to  the  operational  characteristics  of  the  individual  equipment 
item.  In  this  sense  judgements  and  assessments  concerning  the  utility 
of  a comnerci al  piece  of  gear  could  be  made,  to  a reasonable  extent,  by 
considering  several  typical  equipment  items.  By  example,  the  operational 
characteristics  of  a tube  furnace  produced  by  any  one  of  several  manufacturers 
could  be  used  to  assess  such  factors  as  the  thermal,  power  and  structural 
impacts  upon  the  SPA  payload.  Certain  aspects  of  the  materials  of  construc- 
tion such  as  the  susceptibility  to  contamination  deposits  or  shatterability 
also  fall  into  this  category. 

In  contrast,  the  second  major  category  concerned  questions  relating 
to  materials  of  construction,  such  as  outgassing  and  flammabil i ty , which 
are  to  a much  greater  degree  subject  to  variations  from  one  manufacturer 
to  another.  These  questions,  in  most  cases,  had  to  be  considered  on  an 
individual  item  basis  with  respect  to  each  specific  equipment  item  and 
each  specific  manufacturer. 

The  third  category  was  concerned  with  questions  of  safety.  When 
an  issue  within  the  first  two  categories  presented  a potentially  hazardous 
situation  which  had  to  be  readily  accepted,  the  problem  was  treated  from 
the  point  of  view  of  safety.  Thus,  where  high  voltage  equipment  was 
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considered  necessary  for  performance  of  SPA  missions  requirements, 
suitable  steps  were  determined  to  be  required  to  assure  crew  and  vehicle 
safety . 


Specific  equipment  items  analyzed  were  selected  from  the  equipment 
inventory  list  using  the  following  criteria: 

o The  equipment  was  representati ve  of  a type  important 
to  the  success  of  future  SPA  missions 

o Possible  problem  areas  existed  for  Spacelab  utilization 

o Data  availability 

A number  of  specific  items  were  selected  for  a detailed  assessment. 
These  items  are  as  follows:  Gas  Chromatograph,  Continuous  Flow  Electro- 
phoresis Column,  PH  Monitor,  Freezer/Refrigerator,  Data  Acquisition  System, 
Chest-General  Purpose  Enclosure,  Hot  Wall  Furnace,  Zone  Refiner,  Dye  Laser/ 
Flash  Lamp,  High  Voltage  Power  Conditioner,  IR  Pyrometer,  Temperature 
Controller  and  Programmer.  Because  an  officially  approved  NASA  specification 
for  equipment  and  material  utilization  in  the  Spacelab  did  not  exist,  a set 
of  study  criteria,  drawn  largely  from  existing  NASA  documents,  were 
collected  for  use  in  bench-marking  the  utility  assessment. 

Any  assessment  of  commercial  utility  considerations  must  be,  in 
many  instances,  closely  associated  with  a subsystem  interface  analysis 
activity.  Coordination  of  the  commercial  utility  assessment  and  the 
interface  trade  studies  was  thus  required  to  optimize  the  information  and 
results  of  the  two  efforts.  Whenever  possible,  ongoing  equipment  consider- 
ations and  interface  studies[3]  considered  the  same  equipment  items. 

CONCLUSIONS 

The  basic  approach  to  establishing  SPA  payloads  is  predicated  upon 
the  formulation  of  pregrouped  modular  subelements  of  equipment.  A pre- 
planned inventory  of  equipment,  when  coupled  with  modular  integration 
concepts  with  an  ability  to  readily  reconfigure,  can  then  serve  the  ongoing 
research  needs  of  a world-wide  group  of  investigators.  As  such,  the 
typical  flow  of  events  expected  are  identified  in  Figure  17,  The  following 
overriding  highlights  summarize  the  SPA  payload  equipment  requirements: 

1)  A mul ti facet/evol utionary  program  must  be  anticipated 
in  space  processing,  spanning  many  years  and  numerous 
missions. 

2)  A comprehensive  complement  of  equipment  is  required  to 
support  the  projected  ranges  of  R&D  activities. 

3)  Grouping  of  equipment  to  form  several  self-contained  pay- 
load  subelements  allows  support  of  specific  experimental 
classes  either  alc.ne  or  in  conjunction  with  each  other. 

4)  Modular  subelement  approaches  allow  the  R&D  technical 
program  to  range  from  austere  to  comprehensive  in 
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5)  It  is  essential  to  take  advantage  of  every  Shuttle  flight 
opportunity  and  mandatory  to  have  a continuous  rematch  of 
scientific  interests,  instrument  capabilities  and  mission 
requirements . 

6)  It  is  necessary  and  desirable  to  derive  the  snace  processing 
equipment  from  within  an  existing  multibillion  dollar 
commercial  technology  industry,  wherever  possible. 

Shuttle-supported  soace  endeavors  are  visualized  as  portending  a 
new  era  of  equipment  and  capability  development  - an  era  in  which  the 
means  and  the  methods  used  in  prior  times  will  be  vastly  modified 
through  use  of  this  new  capability.  Implementation  of  Shuttle-supported 
experimentation  will  certainly  involve  the  continued  identification  and 
refinement  of  the  methods.  It  is  expected  that  the  in-space  activity 
will  be  largely  concerned  with  development  of  experiment  technique  and 
equipment  optimization,  particularly  in  endeavors  which  are  supported 
by  shared-sortie  payload  concepts.  Hand  in  hand  with  Shuttle  system 
versatilities  must  be  an  associated  implementation  of  simpler  user  inter- 
faces. 


The  use  of  commercial  equipment  source  derivations  for  many  of 
the  contemplated  space  activities  provides  not  only  for  familiar  user 
equipment  interfaces,  but  reinforces  the  opportunity  of  achieving  selective 
cost  effectiveness  through  development  of  space  payload  equipment  via  a 
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Many  factors  will  undoubtedly  impact  the  support  available  for 
establishing  future  space  processing  enoeavors.  Whatever  chese  resources 
may  be,  it  is  expected  that  the  orocess  of  learning  how  to  use  the  Shuttle 
System  and  exploiting  the  evolution  of  Space  Processing  to  be  an  active 
process  for  many  years. 
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FIGURE  3.  SPA  PAYLOAD  CONFIGURATION  - SINGLE 
FLOOR  - TOO  AISLE  CONCEPT. 


FIGURE  4.  SPA  PAYLCAD  CONFIGURATION  - SPACELAB 
ARCH  CONCEPT. 
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FIGURE  5.  CONFIGURATION  CONCEPTS  FOR  SPA  POWER/ 
HEAT  REJECTION  KIT  AND  EXPERIMENT 
EQUIPMENT  MODULE. 
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'CRITERIA  FOR  SELECTING  ’’SPACE  AVAILABLE  FLIGHTS  WHERE  SPA  PAYLOADS  COULD  BE  ACCOMMODATED”; 


M TEN  FEET  OF  RUNNING  LENGTH  IS  AVAILABLE  IN  SHUTTLE  CARGO  SAY. 

?!  SHUTTLE  payload  UP  weight  DOE'  not  PRE^ENU>  exceed  33,000  lbs  . 

3 1 SHUTTLE  payload  landing  WEIGHT  DOES  NOT  PRESENTLY  EXCEED  23,000  LBS. 
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FIGURE  6 # SUMMARY  OF  PLANNED  AND  POTENTIAL  SPA 
SPACE  MISSIONS  FROM  1980  THROUGH  1991 


557 


V 


DEDICATED  SPACELAB  MISSION 


2.  SHARED  SPACELAB  MISSION 


3.  MINIMUM  IMPACT  CARRY-ON 
(LIKE  APOLLO  FLYBACK) 


4 SHARED  AUTOMATED  PAYLOAD  ATTACHED 
TO  PALLET  WITH  NECESSARY  CONTROL  AND 
DISPLAY  EQUIPMENT  IN  SPACELAB  OR  SHUTTLE 


MINIMUM  IMPACT  CARRY-ON  AUTOMATED 
PAYLOAD  ATTACHED  TO  PALLET  WITH 
NECESSARY  CONTROL  AND  DISPLAY  EQUIP- 
MENT IN  SPACELAB  OR  SHUTTLE 


MINIMUM  IMPACT  CARRY-ON  AUTOMATED 
PAYLOAD  LOCATED  IN  CARGO  BAY  WITH 
NECESSARY  CONTROL  AND  DISPLAY  EQUIPMENT 
IN  SHUTTLE 


•DELIVERY/RETRIEVAL  OF  AUTOMATED  SATELLITES 
NOT  INCLUDED 


FIGURE  7.  POTENTIAL  MISSION  MODES  FOR 

ACCOMMODATING  SPACE  PROCESSING  PAYLOADS*. 


559 


- KjUlfMlNf  IfGUIILMtNH  ANO  CON,l!.H«A»ONS 


>tA«A»iM«  -f-.-l'OUNtlAl  »<MO«MAnCI  0«»OM 


FIGURE  9.  SPA  EXPERIMENT  MODULE /HOST  VEHICLE 
INTERFACE  CONSIDERATIONS. 
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FIGURE  10.  SPA  EXPERIMENT  POWER  SOURCE  LOAD 
PROFILES. 
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FIGURE  12.  PEAK  EXPERIMENT  POWER  (AT  POWER 
SOURCE). 
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X- INDICATES  THAT  THE  ALLOCAiION  CONCEPTS  AVERAGE  OR  PEAK  POWER  CAPABILITIES 
PEAK  POWER  REQUIREMENTS,  RESPECTIVELY.  Of  THE  EXPERIMENT. 


SATISFY  THE  SUSTAINING 


FIGURE  13.  SPA  EXPERIMENT  POWER  SOURCE  ACCOMMODATION. 


28V  BUS  FROM  ORBITER  (4  KW  AVAIL/, BLC>  28V  BUS  FROM  POWER  KIT 


FIGURE  14.  SPACE  LAB  POWER  DISTRIBUTION. 
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FIGURE  15.  POWER/HEAT  REJECTION  KIT  HEAT 
DISSIPATION  SYSTEM. 


FIGURE  16.  HELMHOLTZ  TYPE  ELECTRON  BEAM  POWER 
SUPPLY  (H -FIELD  NARROWBAND  AND 
BROADBAND  RADIATED  EMISSIONS, 
INDUCTION  HTR  2). 
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FIGURE  17.  ILLUSTRATIVE  FLOW  OF  EVENTS. 


Space  Processing  Experiments 
on 

Sounding  Rockets 


by 


Hans  F.  Wuenscher 
Marshall  Space  Flight  Center 
Alabama  35812 


Space  Processing  Experiments  conducted  on  board  the  Command 
and  Service  Module  during  translunsr  flight  and  during  the  Skylab 
missions  have  shown  a high  rate  of  unexpected  results.  This  indicates 
that  all  processing  changes  during  the  weightless  environment,  especially 
chain  reaction  type  modifications  of  terrestrial  processes,  are  presently 
not  readily  predictable  by  eithex  the  existing  theoretical  treatment  or  by 
terrestrial  laboratory  testing.  In  processes  involving  transitions  through 
liquid  and  or  gaseous  phases,  "the  ever-present  gravity  plays  a decisive 
but  normally  hidden  role,  and  drastic  lowering  or  elimination  of  g might 
yield  unique  changes  in  the  achievable  product.  The  unique  advantage  of 
orbital  processing  mu  <=?  r be  seen  in  the  promotion  of  molecular  forces  from 
their  negligible  role  in  terrestrial  manufacturing  to  leading  process  con- 
trolling factors,  even  in  the  largest  balk  processes.  " (Ref.  1)  The  Skylab 
results  show  that  essential  process  modifications  can  be  caused  by  the  very 
small  changes  in  weightlessness.  For  instance  Dr.  Walters  experiment 
M560  produced  a steady  decline  in  dislocations  with  the  undisturbed  pro- 
gression of  the  solidification  front.  The  major  reason  for  this  improvement 
seems  to  be  that  no  container  was  restraining  the  expansion  of  the  solidifying 
metal.  Furthermore  the  absence  of  hydrostatic  pressure  (deadweight  deflec- 
tion) allowed  the  formation  of  optically  flat  facets.  But  one  must  consider 
that  these  effects  come  to  pass  only  after  the  more  readily  visible  actions 
of  gravity,  like  sedimentation  and  convection  a re  eliminated. 

Another  quite  hidden  effect  of  gravity  came  to  light  through  Dr.  Larsons 
analysis  of  the  Sphere  Melting  Experiment  M553.  The  triple  point  of  metals 
is  at  such  very  low  pressures,  that  on  earth,  the  hydrostatic  head  in  liquified 
metals  is  exceeding  the  critical  pressure  already  at  a couple  of  microns  depth 
below  the  surface.  Therefore  even  at  high  vacuum  environment  on  earth, 
metals  will  only  vaporize  from  the  surface.  In  weightless  environment,  a 
drastic  increase  in  vapor  formation  to  the  point  removing  a component 
completely  from  the  alloy  at  a hoter  area,  and  deposit  it  at  some  other  place. 
This  might  be  a contributing  factor  in  the  results  of  M552,  Exothermic  Braz- 
ing and  M556, Vapor  Growth. 
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Even  the  most  sophisticated  modifications  of  processes  and  equipment 
in  order  to  compensate  for  the  ever  present  earth  gravitational  action  does 
r>g  t provide  for  assurance  that  true  weightless  environment  has  been  properly 
simulated.  Therefore,  only  experiments  conducted  in  real  weightless  envir- 
onment can  validate  scientific  and  engineering  projections  and  help  to  justly 
larger  efforts  towards  payload  developments  for  the  space  shuttle.  There  is 
only  one  more  orbital  mission  scheduled  between  now  and  the  early  Space 
Shuttle  flights^  This  is  the  ASTP  mission  (Apollo  Soyuz  Test  Project)  in 
1975.  Experiments,  suitable  for  a multipurpose  furnace  type  facility,  as  it 
was  used  during  the  Skylab  missions,  and  some  new  experiments  in  the  elec- 
trophoretic separation  field,  have  been  already  selected. 

In  order  to  asses  the  chances  for  earthbound  zero-g  testing,  we  have 
to  consider  two  things:  first,  what  is  weightless  environment,  and  second, 

for  how  long  must  we  produce  it  in  order  to  achieve  meaningful  results. 

First,  weightlessness  is  achieved  by  the  elimination  of  the  gravitational 
action  of  the  earth.  The  inherent  gravitational  action  of  the  masses  in  the 
experiment  and  equipment  on  each  other  are  not  eliminated  in  weightless- 
ness, but  is  negligibly  small.  What  gravitation  is,  whether  an  electromagnetic 
radiation  type  action,  which  would  have  a finite  velocity  of  propagation  for 
action  at  a distance,  or  whether  gravitation  acts  instantaneous  on  all  masses 
in  the  universe,  is  not  known.  While  the  latter  assumption  of  instantaneous 
action  over  thousands  and  more  light  years  in  distant  cannot  be  explained 
by  presently  accepted  theories,  all  practical  gravitational  calculations  for 
space  flight  are  carried  out  on  this  instantaneous  basis  by  means  of  Newton's 
equation.  Einstein  himself  admits,  "Newton’s  law  (of  gravitation)  still  re- 
mains the  basis  of  all  astronomical  calculations.”  (Ref.  2) 

Besides  all  these  not  well  understood  situations,  for  the  purpose  of 
eliminating  all  forces  caused  by  the  gravitational  action  of  the  earth  on  a 
processing  experiment,  it  is  sufficient  to  provide  for  unrestrained  motion, 
commonly  caLled  free  fall. 

The  orbit  of  a spacecraft  or  any  free  coasting  space  craft  is  in  unre- 
strained motion  and  produces  weightlessness.  From  this  well  established 
fact,  one  can  accept  as  well  another  explanation  for  gravitation  in  that  sense, 
that  it  is  nothing  else  but  motion  which  is  basically  connected  with  the  exist- 
ence of  atomic  matter.  Atoms  appear  to  exert  forces  of  attraction  simply 
because  they  are  moving  inward  in  space  simultaneously,  each  atom  moving 
towards  all  others.  There  is  no  propagation  of  force,  no  action  at  a distance, 
no  medium,  no  curved  space,  no  way  the  effect  could  be  screened  off  or 
modified  by  anything  between  the  masses.  Gravitation  is  a result  o:  basic 
macroscopic  motion.  Atoms  and  Photons  are  results  of  basic  microscopic 
motion.  The  idea  of  a universe  of  motion  should  not  surprise  anyone  who 
is  familiar  with  the  history  of  science.  Past  investigators  did  not  succeed 
in  developing  a useable  theory,  because  they  could  not  fr^e  themselves  from 
the  assumption  that  independent  definitions  of  space  and  time,  as  are  needed 


566 


in  a universe  of  matter,  are  also  a prerequisite  for  a universe  of  motion* 

D.  B.  Larson  reached  first  the  crucial  conclusion  that  motion  being  nothing 
but  the  relation  between  space  and  time,  also  defines  space  and  time.  Motion 
produces  space  and  time,  and  motion  produces  matter  as  a composite  of 
space  and  time  units.  (Ref.  3)  As  strange  as  this  all  may  sound  at  first, 
the  "motion"  concept  can  explain  not  only  what  gravity  is  but  also  wl  at  it  does 
beyond  the  range  covered  by  Newton’s  law.  There  is  a "gravitational  limit" 
which  determines  the  distance  of  stars,  the  sizes  of  galaxies,  and  beyond 
this  limit  the  recession  of  masses  from  each  other.  On  the  basis  of  pure 
theoretical  deduction  from  just  that  one  postulation  of  "Unit  Motion"  Larson 
published  in  1955  that  Quasars  and  Pulsars  must  exist.  He  also  deducted 
from  the  same  premises  a workable  liquid  state  theory,  which  was  very 
useful  in  bringing  a recent  research  project  about  solute  diffusion  to  a clear 
conclusion.  (Ref.  4)  I am  sorry  that  I was  not  able  to  give  a shorter  and 
better  founded  answer  to  the  question  about  the  nature  of  weightlessness. 

To  the  second  question  asking  for  how  long  the  weightless  environment 
must  be  avilable  in  order  to  achieve  useful  results,  let  me  start  with  the 
assessment  of  Drop  Towers. 

The  MSFC  Drop  Tower  provides  for  about  100  m free  fall.  It  did  not 
appear  very  promising  that  much  could  be  learned  in  Space  Processing  during 
the  3.8  seconds  of  weightlessness  available.  Now  we  know  better.  Unique 
experiment  results  achieved  and  even  unexpected  results  surprised  the 

expe  rimentor  s , redirecting  the  conclusions  drawn  from  theoretical  and 
laboratory  work. 

For  instance  - 

o Slower  cooling  rates  caused  finer  instead  of  coarser  dis- 

persion in  immiscible  or  multiphase  materials. 

o Liquid  metal  drop  tests  already  showed  vapor  phase  reactions, 

as  later  discovered  on  Skylab  Experiment  M553. 

o Liquid  deployment  concepts  showed  adverse  effects,  and  also 

a electromagnetic  posivioning  system  which  checked  out  in 
two  dimensions  in  the  laboratory,  did  not  in  three  dimensions. 

Nevertheless,  many  processing  areas  for  which  early  verification  of 
feasibility  would  be  of  great  importance  require  longer  v/eightle s sne s s time 
in  order  to  get  through  a meaningful  increment  of  the  critical  processing 
phases . 

The  flexibility  and  repeatable  low  cost  operation  makes  a drop  tower 
an  ideal  research  tool. 


During  the  free  fall  in  a drop  tower,  the  experiment  is  in  or  orbit,  which 
would  cycle  through  the  center  of  the  earth  - out  to  the  other  side  of  the  globe 
and  come  back.  All  we  would  need  is  a tunnel  all  the  way  through.  That  tunnel 
is  not  there,  therefore  the  experiment  will  impact  the  earth.  After  33  seconds 
of  free  fall  for  instance  the  impact-velocity  reaches  already  speed  of  sound. 

Furthermore  the  air  - re  sistance  during  the  fall  has  to  be  over-come  by 
pushing  down  requiring  something  like  the  jet  engines  of  a fighter  plane  for 
just  maintaining  the  required  free  fall  velocity  in  air  after  30  seconds. 

We  see  drop  towers  are  limited,  the  practical  maximum  seems  to  be 
at  300  m or  1000  ft  drop,  yielding  close  to  8 seconds  of  experiment  time. 

Drop  facility  for  longer  free  fall  duration  should  maintain  vacuum  in 
the  upper  half,  in  order  to  avoid  the  air  resistance  and  contain  air  in  the 
lower  half  for  gentle  deceleration  and  catching  of  the  experiments.  It  is 
not  possible  to  build  such  a facility,  but  this  environment  exists  naturally 
on  large  scale  only,  by  doing  the  free  fall  above  the  earth  atmosphere,  while 
during  re-entry  in  the  atmosphere,  gentle  deceleration  occurs  followed  by 
parachute  recovery.  Nothing  but  the  rocket  fits  this  environment  and  can 
give  us  more  zero-g. 

Sounding  rockets  are  already  existing,  which  can  provide  with  only  minor 
adjustments  an  ideal  cost  effective  zero-g-test  bed. 

The  first  two  pictures  show  the  launch  of  an  Aerobee  Sounding  Rocket 
and  the  recovery  of  the  experiment  payload.  Figure  3 shows  the  flight 
trajectory.  Burnout  of  the  propulsion  stages  occurs  below  200  ft  altitude 
at  about  50  seconds  into  the  flight.  The  booster  burns  already  out  after 
the  first  three  seconds  of  flight  and  drops  off.  The  booster  thrust  delivers 
the  peak  acceleration  of  about  18  g,  while  the  sustainer  engine  continues 
to  push  only  with  about  one  g.  At  burnout  the  rocket  has  reached  a velocity 
of  about  4000  miles  per  hr.  or  5 times  the  velocity  of  sound  and  continues 
to  coast  upv/ard  in  nearly  vertical  direction.  At  300,000  ft.  altitude,  the  air 
density  has  dropped  oil*  to  nearly  one  millions  of  the  density  on  the  gound. 

A very  small  air  resistance  is  the  only  remaining  outside  force  acting  on 
the  rocket  md  causes  a deceleration  in  the  order  of  10~^g  which  diminishes 
to  the  order  of  10 '^g  at  peak  altitude . This  practically  unre strained  motion 
cycle  above  300K  ft  altitude  lasts  for  300  to  420  seconds  for  a range  of  experi- 
ment payload  weight  from  100  lb.  to  250  lb.  There  is  another  Sounding  Rocket 
available,  the  Black  Brant,  which  has  about  20%  higher  payload  capacity  for 
the  same  zero-g  time  range  of  5 to  7 minutes. 

Let  me  mention  some  more  characteristics  of  Sounding  Rockets.  The 
simplicyt  and  cost  effectiveness  is  achieved  through  spin-stabilization  as 
shown  in  picture  5.  The  fins  are  ae  rodynamically  set  in  order  to  spin  up 
the  rocket  to  about  200  rev.  per  minute.  After  burnout  a "yo-yo"  despin 
device  is  deployed  consisting  of  weights  on  wire  cables,  causing  a drop  of 
the  spin  rate  to  be!  , i r-  For  our  purpose  this  residual  rotation  produces 
an  intolerable  inertia  iorce  level.  Therefore  the  experiments  must  be 
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isolated  from  the  rocket  rotation  by  a "Non  Spin  Platform.  " 

Picture  5 shows  a typical  ''Baseline  Configuration*  " The  red  portion 
consisting  of  the  Non  Spin  Platform,  carrying  the  experiments  and  their 
support  systems,  is  separated  rotationwise  by  ball  bearings  from  the  blue 
colored  rocket  systems.  That  way  the  experiments  never  spin  and  they 
are  free  frum  whatever  the  rocket  spin  up  and  despin  operations  are  during 
the  whole  flight.  The  bail  bearing  friction  is  compensated  by  a rotation  - 
sensor -motor  servo  system.  Such  non  spin  devices  are  commonly  used 
in  spin  stabilized  rocket  and  satellite  systems. 

Figure  6 shows  the  g-level  range  achievable  with  the  above  "single 
axis  rate  control  system,  " which  a non  spin  platform  represents.  By 
adding  up  all  the  residual  forces  acting  on  the  payload  during  the  "free 
fall  coast";  these  are  aerodynamic  and  internal  body  forces  from  flight 
dynamics  caused  motions  like  coning,  gravity  gradient,  mechanical 
tolerances  between  inertia  axis  and  platform  axis  and  control  loop  toler- 
ances; we  see  that  a g-level  environment  in  the  order  of  10~^g  to  10~4g 
if  available.  (Ref.  5)  For  higher  requirements  a three-axis  rate  control 
system,  employing  cold  gas  jets,  can  be  provided. 

This  answers  the  question  of  what  Sounding  Rockets  can  offer. 

We  have  investigated  over  the  past  year  also  the  requirements  and 
effectiveness  of  limited  zero-g  time  experimenting.  It  was  found  in  one 
extensive  study  that  "for  17  of  the  18  evaluated  space  processes,  a valid 
representation  of  the  complete  process  cycle  can  be  achieved  at  low-g 
periods  ranging  40  to  390  seconds"  and  that  "specific  process  parameters 
can  be  verified  in  3 to  8 seconds.  " (Ref.  6)  Another  investigation  involving 
a large  number  of  experimentors  and  the  members  of  the  University  Space 
Research  Association  (USRA)  is  summarized  in  figure  7. 

A typical  processing  cycle  is  shown  in  figure  8.  The  art  of  experi- 
menting lies  in  arranging  only  the  g-sensitive  phase  of  the  processes  into 
this  so  very  hard  to  accomplish  ’’cycle  of  weightlessness."  Here  we  sec 
that  within  a total  experiment  time  of  one  hour  only  130  seconds  low-g 
processing  takes  pLace.  Pictures  11,  gives  an  impression  how  a typical 
payload  looks  like.  Here  the  processing  facilities  were  mounted  on  a 
rocket  fixed  platform.  Therefore  only  one  experiment  capsule  located 
along  the  centerline  in  each,  facility,  separately  shown  on  picture  9 and 
10,  could  be  processed  in  order  to  minimize  the  effects  of  the  spinrate 
during  coast  flight.  In  future  flights  the  full  payload  volume  can  be  utilized 
because  of  the  use  of  single  or  multiaxis  rate  control  systems.  The  diameter 
inside  the  payload  rocket  structure  is  14  or  16  inches  and  the  total  length 
ranges  from  60  to  100  inches,  depending  on  the  type  of  rocket,  Aerobee  or 
Black  Brant. 
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Figure  12  depicts  the  presently  considered  management  concept  for 
the  program.  The  action  starts  at  the  outer  left  block  with  the  release  of 
an  AFO  (Announcement  of  Flight  Opportunity)  by  NASA  Headquarte rs,  Office 
of  Application.  Experiment  proposals  will  hopefully  be  submitted  by  re- 
searchers in  industry,  institutions  and  universities.  Another  input  will 
come  from  the  investigators  presently  involved  in  5pace  Processing  Research 
and  Development  activities,  and  I see  many  colleguet*.  in  the  audience  today 
just  waiting  for  that  since  some  time.  The  AFO  will  be  open  for  continuous 
submissions . 

The  Experiment  Selection  takes  place  also  in  a continuous  evaluation 
process,  resulting  in  contract  release  and  flight  scheduling  for  each  experi- 
ment. In  cases  where  the  investigator  delivers  the  complete  experiment  in- 
cluding special  processing  facility,  the  apparatus  goes  for  integration  into 
the  Payload  Module  to  MSFC.  There  the  interface  connections  with  the  power 
supply  and  telemetry  unit  is  made  as  required  and  the  complete  Payload  Module 
is  shipped  to  the  launch  site.  Here  GSFC  takes  over,  assembles  the  Payload 
Module  by  connecting  simple  field  splices  with  the  other  rocket  modules,  also 
providing  the  3-axis  rate  control  system  if  required.  After  launch  and  recovery 
the  Payload  Module  goes  back  to  MSFC  for  distribution  of  the  experiments  to 
the  investigators,  and  for  refurbishment  of  the  standard  payload  systems  for 
reuse.  A g-Ievel  measurement  readout  is  furnished  to  the  expe rimentor , and 
also  the  telemetered  experiment  measurements. 

Many  experiments  will  have  sufficient  commonality  in  their  processing 
requirements  so  that  multipurpose  facilities  can  be  used.  In  this  cas;  only 
the  experiment  materials  in  minimum  enclosures  are  delivered  and  MSFC 
provides  integration  into  the  available  facility  and  the  processing  of  ground 
samples.  The  best  possible  combinations  will  be  \*o  rked  out  to  keep  the 
operation  flexible  and  cost  effective. 

The  last  graph,  figure  13  shows  the  pr  * sently  anticipated  schedule. 

The  AFO  release  is  planned  for  late  this  month,  May  1974.  The  operational 
flight  should  start  in  March  1975  and  built  up  to  6 launches,  may  be  even  12 
launches  per  year,  depending  how  effective  this  program  will  support  the 
development  of  Space  Shuttle  Payloads. 

We  have  seen  during  this  symposium  that  only  an  aggressive  experi- 
mental program  can  point  this  Space  Processing  Applications  Program  into 
the  right  direction.  Verification  of  theoretical  and  laboratory  result  by 
experiments  in  real  weightless  environment  is  necessary  for  assurance  of 
larger  commitments.  Furthermore,  many  effects  of  gravity  ar.d  even  the 
nature  of  gravitation  is  presently  not  yet  well  understood,  maybe  because 
the  earth  gravitational  action  was  not  even  recognized  as  a dominating  en- 
vironmental factor,  until  recently  the  space  age  enable  man  to  really  see 
our  planet  earth  hanging  free  in  space.  The  awareness  that  all  other  natural 
terrestrial  environments  are  finally  controlled  by  the  dominating  terrestrial 
gravitation  is  growing.  sides  verification,  a lot  oi  explorator.  experi- 

menting must  be  done  in  order  to  find  out  which  of  many  thinkable  and  mathe- 
matically logical  concepts  nature  is  using  and  w hi  not.  Hopefully  the 
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the  projected  program  will  provide  enough  flexibility  and  enough  chances 
for  repeated  testing,  so  that  we  can  learn  by  correcting  our  failures  and 
use  it  as  a true  research  tool. 
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FIGURE  5 AERGBEE  200  - PAYLOAD  BASELINE 
CONFIGURATION 


FIGURE  6 G-LEVEL  RANGE  ACHIEVABLE  WITH  A SINGLE 
AXIS  RATE  CONTROL  SYSTEM 
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POWtfl  tI<PUT  |W)  SAMPLE  TEMPERATURE  (*C) 


GRAVITY  LEVELS 


PROCESSING  TIME 


MINIMUM 

REQUIREMENT 

ESTIMATED 

AVAILABLE 

MINIMUM 

REQUIREMENT 

MAXIMUM 

AVAILABLE 

CRYSTAL  GROWTH  FROM  MELT 

10'3 

10 '3  l»  10_4 

150  sec 

41?  sec 

SOLIDIFICATION  OF  COMPOSITES 

10-3 

10'3  to  ID'4 

200  sec 

415  sec 

SOLIDIFICATION  OF  GLASS 

10"3 

10'3  to  10'4 

300  sec 

415  sec 

BIOLOGICAL  SEPARATION 

l(f3 

10‘3tO  10 ‘4 

400  sec 

415  sec 

SOLIDIFICATION  OF 
METASTA8LE  ALLOYS 

10'3 

103  to  lO  4 

60  sec 

415  sec 

FIGURE  / COMPARISON  OF  REQUIREMENTS  AND 

CAPABILITIES  DURING  ROCKET  COAST 
ABOUT  300K  FT. 


FIGURE  8 SAMPLE  TEMPERATURE  AND  POWER  PROFILES  - 
PROCESSING  OF  COMPOSITES  IN  ELECTRICAL 
FURNACES 
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FIGURE  II  TYPICAL  PROCESSING  FACILITIES  FOR  AN 
AEROBEE  "’CO  PAYLOAD 


P^vtOAO  MODULE  V$f» 


• *A»f’*!?  ty«T» 

♦ Sf1**  PV 

* SU***C#T  MOOV-  I 
*CS«*S«jPtMtNT  *AC*AC* 


• BOT*f  T 

• A«ROS*tf  • 7*J0-  PIA':* 

• ATI  T,tQ*  f^tBOt 
*t AUNCH  BKTVIPV 


f Vf  » rS 

S'-EST  M.,Ar-_?«S 

l 

A AO 
SASA  £ 


pnOCFSSJNC  1 
SYSTEMS  r 


/ 


• >*CH.S*AY 

• **Sf  *PCH  .NSTfTUTfONS 

• wNt  .t 


Mf  T 


> N*t '. 


• S«UtB>.rA,.  f 

• : d BFP-: jNTBAcr 

• >'*f  **T 


. It.  AssfeS 
•*  If  V TB0N1C 

■ aiotcfl'^Ai 

• '-Hf  M!<’At 


. SOfi.fr.if  •'>*» 

. tuysiAi.  Gfl-m  1 
. CONf  AIStBLt-J 
. 0»SP<  -'K 

. St»A«»l’  >r. 


*«r.Tr 

• PHASI  A * 

.♦‘*HSA  t S>"'« 

,*.t  .,,4f«W(i»srf«5 
. (*AS'\'NO  *VSUV*V 
. VH  » Ni  \»SMVS 
• UMn*'  O**  VfSTfvri 


FIGURE  12 


SPACE  PROCESSING  EXPERIMENT  DEVELOPMENT 
AND  INTEGRATION 


579 


RTOP  STUDIES 


FIGURE  13  SUMMARY  PUNNING  SCHEDULE  FOR  SPACE 
PROCESSING  EXPERIMENTS  ON  SOUNDING 
ROCKETS 
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SUMMARY 

The  advent  of  the  space  flight  era  has  provided  many  new  and  chall- 
enging opportunities.  Perhaps  the  most  promising  of  these  is  the  oppor- 
tunity to  utilize  the  low  gravity  of  space  in  the  production  of  new  materials 
for  use  on  earth.  The  first  studies  in  this  field  were  conducted  on  Apollo 
flights  during  the  translunar  and  transearth  coast  periods.  These  were 
followed  by  more  sophisticated  experiments  on  Skylab,  The  encouraging 
results  achieved  from  these  studies  has  led  to  the  planned  expansion  of 
activities  in  the  field;  with  experiments  now  under  development  for  flight 
on  sounding  rockets,  the  Apollo/Soyuz  mission  and  Shuttle/Spacelab. 

This  effort  will  provide  a sound  background  for  the  eventual  development 
of  industrial  space  processing  facilities.  The  reusable  characteristics 
and  the  low  payload  cost  per  pound  of  the  Space  Shuttle  will  make  materials 
processing  in  space  economically  feasible. 

Space  processing  facilities  , including  furnace  systems  , will  only 
vagely  resemble  their  laboratory  and  industry  counterparts.  Within  the  con- 
straints imposed  by  the  host  vehicle,  flight  furnaces  will  be  more  versatile. 
They  will  provide  a wider  range  of  controlled  heating  , cooling  and  sample 
positioning  to  accommodate  the  requirements  of  experiment  scientists,  and 
will  be  more  efficiently  packaged.  The  development  of  these  advanced  fur- 
nace systems  will  be  an  essential  element  in  the  orderly  evolution  of  space 
processing  technology. 


INTRODUCTION 

Successful  scientific  experiments  in  the  field  of  materials  processing 
have  been  conducted  aboard  the  Apollo  moon  flights  and  the  Skylab  missions 
with  more  advanced  studies  planned  for  sounding  rockets,  the  Apollc/Soyuz 
mission  and  the  Shuttle/Spacelab  era.  All  of  these  studies  utilize  the  ex- 
tended low  acceleration  environment  available  only  in  space  to  achieve  pro- 
cessing conditions  that  are  impossible  to  maintain  on  earth. 


pritthding  pact:  blank  not  film® 
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Furnac^  systems  were  and  are  a major  element  in  all  materials  pro- 
cessing facilities.  Experience  gained  in  the  development  of  these  fac- 
ilities have  shown  that  laboratory  or  industrial  type  furnace  systems 
designed  for  use  on  the  ground  cannot  simply  be  modified  or  adapted  for 
use  in  space.  Space  processing  facilities  must  meet  the  stringent  require- 
ments of  low  power  consumption,  low  weight,  small  cize,  mechanical 
loading,  and  most  important,  complete  safety,  when  operating  on  board 
manned  space  vehicles. 

Furnace  systems  are  also  required  to  provide  flexibility,  in  con- 
trolled heating  and  cooling  in  order  to  accommodate  a wide  range  of  experi- 
ments in  the  general  fields  of  crystal  growth  and  materials  melting  and  solid- 
ification. 

As  the  era  of  manufacturing  in  space  progresses,  the  needs  of  partici- 
pating scientists  will  increase,  posing  an  even  greater  challenge  to  the 
developers  of  furnace  systems  to  keep  pace. 
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HEAT  SOURCES 

In  the  initial  phases  of  space  processing  furnace  development,  a study 
was  made  of  the  many  different  heat  sources  and  classes  of  equipment  com- 
mercially available.  These  studies  formed  the  basis  for  design  and  con- 
struction of  the  initial  flight  systems.  Some  of  the  energy  sources  investi- 
gated were:  Induction  Heating,  Election  Beam  Gun,  Electron  Beam  Plasma 
Gun,  Laser,  Electric  Arc,  Hot  Gas , Electrical  Resistance,  Solar  Radiation, 
Chemical,  Ultrasonics,  Infra-Red  Radiation  and  Microwave  Radiation.  ' 

Each  heating  source  had  its  particular  advantages  and  limitations  and  possible 
application  in  space-oriented  furnaces.  From  these,  the  electrical  resistance 
heating  element  proved  to  be  the  most  practical  heat  source  for  a melting  and 
controlled  solidification  type  furnace.  This  was  determined  because  of  the 
relatively  high  efficiency  of  heating  as  well  as  small  size,  good  temperature 
distribution  control,  and  freedom  from  sample  contamination.  The  electron 
beam  gun  and  chemical  energy  sources  respectively  were  selected  for  welding 
and  brazing  experiments.  The  most  efficient  insulation  and  thermal  design 
had  to  be  utilized  in  developing  the  melting  and  controlled  solidification  type 
furnace  in  order  to  reduce  intrinsic  heat  losses  and  conserve  energy.  The 
insolation  found  most  effective  in  furnaces  operating  in  a vacuum  was  multi- 
foil insulation  made  up  of  very  thin,  highly  reflective,  high  temperature, 
shields  separated  by  thin  layers  of  silica  fabric.  This  was  determined  by  an 
evaluation  of  different  material  systems  over  a wide  range  of  transient  and 
steady  state  temperature  and  vacuum  conditions  . 

APOLLO  14 

The  first  opportunity  to  fly  a materials  processing  furnace  was  on  the 
Apollo  14  mission  during  the  translunnr  and  transearth  coast  periods.  The 
apparatus  developed  by  MSFC  for  this  flight  is  shown  in  Figure  : and  con- 
sisted of  an  electrical  heater,  a heat  sink  device  for  cooling,  and  sealed 
metal  capsules  containing  the  sample  material.  This  experiment  met  all  the 
manned  space  flight  requirements  , such  as  light  weight,  low  power  con- 
sumption, maximum  touch  temperature  and  approved  materials,  and  was 
capable  of  processing  eighteen  different  experiment  cartridges.  These 
cartridges  consisted  of  a variety  of  immiscible  materials,  particle  and 
whisker  composites,  pow^r  compacts  , metal  foam,  crystal  growth,  and 
eutectic  solidification  experiments.  The  temperature  limitation  of  this  first 
generation  furnace  was  130^.  The  furnace  parameters  were  obtained  by 
heating  the  charge  to  the  desired  temperature  and  then  cooling  it  passively 
by  conduction  into  a heat  sink. 

Generally  spcikir  V ' * d • ‘ ■ P first  low-G  ^xr ^ ri °'^nts 

served  their  puipose,  in  f,\  d c "id  • • r-  * vmne  produced  that  r ir.net 

be  duplicated  on  earth.  Enhanced  dispersion  and  distribution  of  fibers  , 
particles  and  gases  were  found  in  the  space  pn.cm*  n:d  samples  / ' 
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These  initial  demonstrations  ir.  space  led  the  way  to  the  development 
of  materials  processing  systems  available  today.  Continued  advancement 
of  these  systems  will  lead  to  future  processing  facilities  on  an  industrial 
level. 


GALLIUM-ARSENIDE  SOLUTION  GROWTH  EXPERIMENT  (M555) 

Experiment  M555  (Figure  2)  was  developed  for  flight  on  Skylab  as  one 
of  the  M51 2 Manufacturing  in  Space  experiments.  This  experiment  involved 
growing  single  crystal  gallium-arsenide  from  solution.  It  was  designed  to 
operate  at  720  C for  115  hours.  The  experiment  package  consisted  of  three 
sealed  quartz  ampoules,  each  containing  high  purity,  polycrystalline  gallium 
arsenide  source  material,  single  crystal  gallium  arsenide  seed  material  and 
liquid  gallium  solvent.  Each  ampoule  was  individually  heated  with  a resis- 
tance heating  coil.  During  this  experiment,  gallium-arsenide  goes  into 
solution  at  the  hot  end  of  the  ampoule,  is  transported  across  a steady  state 
thermal  gradient  to  the  cold  end  by  diffusion,  arid  precipitated  out  on  the 
seed  crystal.  This  experiment  was  not  processed  during  the  Skylab  mission 
because  of  the  impact  created  by  loss  of  the  solar  wing. 


COPPER-ALUMINUM  EUTECTIC  EXPERIMENT  (M554) 

The  M554  Experiment  furnace  (Figure  3)  was  also  developed  for  use  in 
the  M512  Manufacturing  in  Space  facility.  This  experiment  furnace  had  a 
maximum  temperature  capability  of  90cPc,  and  was  designed  to  unidirectionally 
solidify  three  copper-aluminum  eutectic  samples.  The  furnace  consisted  of 
three  graphite  crucibles,  each  individually  heated.  To  reduce  the  sample 
return  weight  and  make  the  furnace  reusable,  the  experiment  package  was 
designed  so  that  the  astronaut  could  open  the  furnace  and  remove  the  pro- 
cessed samples.  New  samples  could  then  be  installed  for  another  test.  A 
thermal  gradient  was  established  across  the  crucible  by  actively  controlling 
the  energy  input  to  the  hot  end  and  passively  cooling  the  cold  end.  Once  the 
desired  maximum  temperature  conditions  were  obtained,  the  control  system  was 
switched  to  the  furnace  cool  mode.  The  temperature  of  the  charge  was  then 
reduced  at  the  desired  solidification  rate,  maintaining  a reasonably  constant 
thermal  gradient,  as  the  sample  froze. 

The  M554  Experiment  furnace  was  replaced  with  the  more  versatile  M518 
multipurpose  furnace  system.  The  M554  Experiment  itself  was  re-configured 
to  mate  with  the  M518  hardware  and  was  processed  on  Skylab  3 and  4. 
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MULTIPURPOSE  ELECTRIC  FURNACE  (M518) 

Development  of  the  M51S  furnace  increased  both  the  temperature  and 
control  capabilities  over  previous  furnace  systems.  It  also  provided  a 
reusable  materials  processing  facility  capable  of  supporting  a wide  range  of 
experiments.  As  shown  in  Figure  4,  this  system  was  designed  to  operate  at 
1000°C  and  provide  active  control  at  the  hot  end  of  the  furnace  to  accommo- 
date a range  of  soak  temperatures,  solidification  rates,  and  thermal  gradients. 
Eleven  different  experiments  were  processed  during  the  Skylab  3 mission,  and 
six  of  the  eleven  experiments  were  repeated  utilizing  the  same  furnace  during 
the  Skviab  4 mission.  Each  experiment  consisted  of  three  samples  processed 
simultaneously  in  sealed  stainless  steel  cartridges.  The  cartridges  were 
installed  in  the  furnace  for  processing  by  removing  the  plugs  in  the  cold  end 
of  the  furnace  housing,  attaching  the  cartridge,  and  inserting  them  into  the 
three  heating  cavities.  The  proper  processing  conditions  were  then  set  on 
the  control  box  and  the  experiment  initiated. 

APOLLO -SOYUZ 

The  joint  endeavor  co  link  up  Soviet  and  American  space  ships  in  near 
earth  orbit  has  provided  another  opportunity  to  perform  a series  of  low-G 
materials  processing  experiments.  The  M518  Multipurpose  Furnace  is  being 
modified  for  this  purpose.  During  the  Apollo-Soyuz  mission,  seven  different 
experiments  will  be  conducted.  Six  of  these  experiments  will  be  developed 
by  Principal  Investigators  within  the  United  States  and  one  from  the  Union 
of  Soviet  Russia.  Experiments  will  be  performed  to  investigate  convection 
in  the  liquid  melt,  crystal  growth  by  both  directional  solidification  and  vapor 
transport,  composites,  solidification  of  material  with  widely  different  spec- 
ific qravities  , directional  solidification  of  eutectics,  and  the  production  of 
high  coercive  strength  magnets. 

Several  modifications  are  necessary  to  adapt  the  M518  furnace  system 
to  the  Apollo-Soyuz  docking  module.  The  furnace  housing,  control  package, 
and  electrical  cables  will  be  hard’  mounted  to  the  wall  of  the  docking  module. 

A thermal  protection  shield  will  be  placed  around  the  furnace  housing  to  pro- 
tect the  astronaut  from  hot  portions  of  the  furnace.  The  5/8-inch  thick  al- 
uminum wall  of  the  docking  module  will  provide  an  excellent  heat  sink  to 
absorb  and  distribute  the  thermal  enerqy  generated  by  operating  the  furnace. 

A helium  purge  system  will  be  added  to  provide  a rapid  furnace  cooldown. 

This  faster  cooldown  will  decrease  the  experiment  turn  around  time  and  allow 
more  experiments  to  be  performed  in  the  same  time  period.  The  thermal 
efficiency  of  the  furnace  has  been  increased  by  reducing  furnace  heat  losses  , 
thus  raising  the  maximum  operating  temperature  from  lOOCPc  to  llSCPc  with- 
out increasing  the  power  required.  A vacuum  line  was  also  needed  to  vent  the 
furnace  housing  to  outer  space.  Additional  circuitrv,  to  provide  a linear 
solidification  velocity  feature,  and  protection  against  a shorted  control  ther- 
mocouple was  added  to  the  control  package.  The  Apollo-Soyuz  mission  is 
scheduled  for  the  summer  of  1975. 
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SOUNDING  ROCKETS 


The  ultimate  potential  of  developing  commercial  products  or  processes 
in  space  will  only  be  realized  on  long  duration  missions  of  the  type  pro- 
posed for  Spacelab;  however,  many  basic  studies  can  be  performed  in  the 
interim,  at  relatively  low  cost,  through  use  of  low-G  simulation  devices. 
Research  and  development  in  materials  processing  systems  and  materials 
science  will  continue  between  long  duration  flight  opportunities  through 
the  use  of  short  duration  flights  available  with  sounding  rockets  and  the 
free-fall  time  offered  by  the  drop  tower. 

A multipurpose,  materials  processing  facility,  Figure  5,  is  being 
developed  for  use  on  NASA's  first  dedicated  sounding  rocket  scheduled  for 
flight  in  December  1974/  ' Experiment  data  will  be  obtained  and  telemeter- 
ed to  ground  by  a measurement  module  designed  to  sense  all  aspects  of  the 
vehicle  payload  environment  such  as  high  and  low  acceleration,  temperature, 
pressure  and  the  acoustic  conditions.  A metallurgical  evaluation  of  the 
flight  samples,  in  conjection  with  the  instrumentation  data,  will  provide 
Principal  Investigators  with  a good  understanding  of  the  materials  processing 
conditions  made  available  by  the  sounding  rocket. 

This  multipurpose  rocket  furnace  system  will  basically  consist  of  the 
following:  (1)  a three  davity  furnace,  designed  to  process  samples  of  the 

widest  possible  range  of  materials  and  thermal  requirements.  (2)  an  auto- 
matic control  system  capable  of  independent  control  of  the  three  heating 
modules  , each  containing  three  heating  elements.  (3)  a heat  removal  mech- 
anism to  extract  the  excess  heat  buildup  in  each  heating  module.  This  will 
provide  the  capability,  in  conjunction  with  the  programmable  control  system 
of  establishing  an  isothermally  heated  cavity  or  a wide  range  of  thermal  grad- 
ients and  cooldown  rates.  (4)  a thermal  monitoring  system  compatible  with  the 
research  rocket  telemetry , to  provide  furnace  performance  and  sample  growth 
rate  data  throughout  the  processing  cycle.  The  processing  facility  will  be 
mechanically  and  thermally  designed  to  withstand  rocket  vibration  and  shock 
loads  encountered  during  launch  and  recovery  and  will  be  capable  of  with- 
standing these  loads  at  operating  temperatures  repeatedly  without  significant 
damage . 

In  addition  to  the  multipurpose  furnace,  two  special  purpose  furnace 
systems,  Figures  No.  G and  7,  are  being  developed  for  later  Sounding  Rocket 
flights.  These  processing  systems  are  being  designed  to  accomplish  specific 
objectives  with  limited  variation  in  processing  conditions.  These  systems 
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include  a Float  Zone  Stability  experiment,  Figure  6,  and  a glass  processing 
furnace,  Figure  7.  The  Float  Zone  Stability  experiment  will  determine  the 
zone  shape  of  molten  materials,  at  various  rotation  rates  and  obtain  the 
mode  of  instability  and  corresponding  maximum  zone  dimensions.  The  Glass 
Processing  Furnace  will  be  utilized  basically  to  process  two  types  of  glass 
systems.  First,  pure  oxide  or  mixtures  of  several  pure  oxide  compositions 
will  be  melted  and  cooled  in  a low-G  environment.  Secondly,  glass  materials 
will  be  heated  and  allowed  to  form  nuclei  in  low-G  resulting  in  glass-ceramics. 


ELECTRICALLY  CONDUCTING  CERAMIC  HEATING 

The  use  of  electrically  conducting  ceramics,  as  heating  elements,  has 
significantly  raised  the  processing  temperatures  available  for  space  flight 
furnace  systems.  Zirconia  and  thoria-based  ceramic  oxides,  which  are  used 
as  heating  elements  are  electrical  insulators  at  room  temperature,  but  become 
excellent  high  temperature  ohmic  heaters  above  some  transition  temperature. 
Heating  elements  now  under  development  can  operate  at  220CPC  in  oxidizing 
inert  or  vacuum  atmospheres  for  extended  periods  of  time.  The  first  ceram- 
ically heated  furnace  system  (Figure  8)  is  being  developed  for  use  on  the 
Marshall  Space  Flight  Center  drop  tower.  This  furnace  system  will  provide 
an  isothermal  processing  cavity,  2.5  cm  dia.  X 10  cm  long,  with  the  cap- 
abilitv  »af  operating  from  room  temperature  to  220CPC  max.  The  axial  temper- 
ature variation  throughout  the  isothermal  cavity  will  be  less  than  lcPc.  By 
replacing  the  isothermal  heatinp  element  with  an  axial  gradient  element,  tem- 
perature gradients  of  up  to  200  C/cm  for  distances  of  approximately  5 cm  can 
be  obtained.  The  operating  temperature  of  this  furnace  system  is  controlled 
via  a resistance  signal  froig  the  ceramic  heating  element  and  is  maintained 
wifhin  1/2%  accuracy  or  11  C at  the  maximum  operating  temperature. 

Additional  furnace  systems  utilizing  the  ceramic  heating  concept  will  be 
developed  in  the  near  future  for  use  on  sounding  rockets. 


FUTURE  PLANS 

Future  plans  in  the  area  of  manufacturing  in  space  include  the  develop- 
ment of  advanced  materials  processing  systems  with  special  featuies  such 
as  containerless  melting,  sample  positioning,  materials  mixing  devices,  hi  rh 
temperature  processing  systems,  and  automated  processing  systems. 


587 


Several  methods  of  levitation  and  sample  positioning  are  being  studied 
for  use  in  conjunction  with  furnace  systems,  for  the  purpose  of  eliminating 
contact  between  the  sample  melt  and  crucible.  Levitation  systems  now  under 
investigation  or  proposed  for  further  study  include  electromagnetic,  acoustic, 
electrostatic  forces,  gas  jets,  electrohydrodynamics,  and  microwaves. 

These  terrestrial  levitation  experiments  will  be  studied  and  or  developed  and 
scaled  up  for  testing  in  the  low  gravitational  environment  of  space.  Possible 
applications  are  the  preparation  of  ultra  pure  materials  and  solidification  under 
conditions  of  extreme  subcooling . Ultrapure  refractory  materials  which  are 
easily  contaminated  by  molds  are  logical  candidates.'3' 

Both  acoustic  and  electromagnetic  mixers  are  being  developed  for  use  in 
space.  These  systems  will  be  used  in  conjunction  with  furnace  systems  to 
process  materials  in  space  that  require  mixing  such  as  immiscibles  and  the 
dispersion  of  fibers  or  particles  in  a liquid  metal  matrix. 

Research  and  development  of  space  processing  facilities  and  the  tech- 
nology development  associated  with  low-G  experiments  will  continue  through 
the  ASTP  mission,  Advanced  Sounding  Rocket  flights  and  the  initial  Spacelab 
missions,  with  an  end  item  goal  of  providing  the  basis  for  commercial  manu- 
facturing operations  in  near  earth  orbit.  The  availability  of  S:  scelab  as  a 
test  bed  for  commercial  low  gravity  manufacturing  operations  will  add  the  vast 
volume  of  near  earth  space  to  the  habitable  regions  of  earth  already  used  by 
mankind . 
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JVSTLM  DESIGN  CONSIDERATIONS  FOR  FREE-FALL  MATLRIALS  PROCESSING 

By 

R.  G.  Seidensticker 
Westinghouse  Research  Laboratories 
Pittsburgh,  Pennsylvania  15235 

SUMMARY 

The  design  constraints  for  orbiting  materials  processing  systems 
are  dominated  by  the  limitations  of  the  flight  vehicle/crew  ard  not  by 
the  processes  themselves.  Although  weight,  size  and  power  consumption  are 
all  factors  in  the  design  of  normal  laboratory  equipment,  their  importance 
is  increased  orders  of  magnitude  when  the  equipment  must  be  used  in  an 
orbital  facility.  As  a result,  equipment  intended  for  space  flight  may 
have  little  resemblance  to  normal  laboratory  apparatus  although  the 
function  to  be  performed  may  be  identical. 

The  same  coi  siderations  influence  the  design  of  the  experiment 
itself.  The  processing  requirements  must  be  carefully  understood  in 
terms  of  basic  physical  parameters  rather  than  defined  in  terms  of  equip- 
ment operation.  Preliminary  experiments  and  analysis  are  much  more  vital 
to  the  design  of  a space  experiment  than  they  are  on  earth  where  iterative 
development  is  relatively  easy. 

Examples  of  these  various  considerations  are  illustrated  with 
examples  from  the  M518  and  MA-010  systems.  While  these  are  specific 
systems,  the  conclusions  apply  to  the  design  of  flight  materials  processing 
systems  both  present  and  future. 

INTRODUCTION 

When  reduced  to  basic  principles,  the  requirements  for  materials 
processing  in  free-fall  conditions  are  no  different  from  the  requirements 
on  earth.  So  far  as  I know,  there  are  no  proposed  materials  processing 
techniques  which  differ  in  principle  from  those  currently  used  in  earth 
bound  laboratories.  Materials  must  still  be  heated,  cooled,  compressed, 
etc.,  in  order  to  achieve  some  goal.  The  only  novel  considerations 
arise  from  either  new  handling  techniques  such  as  container  less  melting 
or  the  absence  of  gravity  driven  phenomena  such  as  density  driven 
convection  or  phase  separation. 

The  most  important  design  constraints  for  materials  processing 
systems  arise  from  limitations  imposed  by  the  flight  vehicle  capabilities 
and  crew  availability.  These  considerations  are  far  from  minimal  and 
influence  not  only  the  design  of  equipment  but  should  be  considered  in 
the  design  and  development  of  the  experiment  itself  . 

The  balance  of  this  paper  will  be  devoted  to  examining  these 
constraints  both  generally  and  in  the  context  of  the  M518  and  MA-010 
MEF  systems. 
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VEHICLE /CREW  LIMITATIONS 


The  general  design  limitations  imposed  by  the  flight  vehicle 
and  crew  are  summarized  briefly  in  Table  I. 

Table  I. 


Parameter 

Weight 

Volume 

Power  Input 

Heat  Dissipation 

Human  Interaction 

Time 


Earth  Laboratory 


Space  Laboratory 


Negligible  Consideration 


Constrained 


Under  normal  laboratory  conditions,  the  basic  requirement  of  a furnace 
system  is  that  it  can  perform  the  necessary  function;  weight  and  sire 
are  secondary  considerations.  Similarly,  within  rather  wide  limits, 
the  power  consumption  and  efficiency  of  apparatus  is  relatively  unimportant. 
Finally,  manpower  considerations,  while  present  in  any  operation,  are 
generally  not  a key  factor  in  the  selection  of  equipment  on  a laboratory 
scale.  When  a materials  process  moves  from  laboratory  to  manufacturing, 
then  considerations  of  space,  power  and  manpower  increase  in  importance 
tut  sti.il  cannot  be  compared  with  the  situation  encountered  in  an 
orbiting  facility. 

Space  flight  conditions  change  the  priorities  drastically.  The 
Inherent  capabilities  of  any  flight  vehicle  are  limited  whether  it  is 
an  Apollo  command  module  or  a Space  Shuttle.  Every  kilogram  placed  in 
orbit  must  be  accounted  for  and  every  cubic  decimeter  carefully  planned; 
the  vehicle  type  only  changes  the  scale  of  the  planning.  Similarly, 
every  watt  that  is  consumed  must  be  utilized  in  as  efficient  a manner 
as  possible  and  every  joule  must  be  accounted  for.  Again,  the  manpower 
available  for  interaction  with  the  equipment  is  limited  and  equipment 
therefore  must  be  capable  of  performing  the  required  task  with  a minimum 
of  human  interaction.  There  are  obvious  tradeoffs  possible  between 
manual  operation  and  equipment  complexity  and  the  problem  can  be  summed 
up  by  saying  that  the  integrated  weight,  power  and  manpower  should  be 
minimized , 

All  these  considerations  are  in  addition  to  the  primary  requirement 
that  the  job  itself  be  done.  The  integrated  effect  is  that  the  manner 
of  doing  the  job  may  differ  substantially  from  the  way  it  might  be  done 
in  normal  laboratory  practice. 

EXPERIMENT  DESIGN 

When  the  system  limitations  imposed  by  space  flight  are  factored 
into  the  overall  economics  of  an  experiment,  the  ordering  of  priorities 
in  the  experiment  design  process  changes.  In  normal  laboratory  practice. 
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empiricism  usually  dominates  analysis  in  the  development  of  an  experiment. 
It  is  usually  more  economical  to  add  a few  thermocouples  to  a system 
than  to  develop  and  evaluate  a complicated  thermal  model.  In  the  case 

of  flight  experiments,  however,  the  reverse  may  well  be  true.  Fortunately, 
for  free  fall  conditions,  the  task  is  frequently  simplified  since  heat 
transfer  which  is  frequently  dominated  by  convection  on  earth  is  more 
likely  to  be  controlled  by  thermal  diffusion.  This  simplifies  the 
necessary  calculation^  and  the  results  can  be  viewed  with  greater 
conf idence. 

This  approach  does  demand  that  the  experiment  be  well  defined 
in  terms  of  the  experiment  conditions  rather  than  the  experimental 
conditions  before  it  is  actually  run.  That  is  to  say  that  the  thermal 
conditions  in  the  sample  must  be  specified  rather  than  the  thermal 
conditions  of  the  furnace  since  various  processes  of  heat  transfer  and 
dissipation  may  make  the  two  quantities  quite  different.  Although 
analysis  is  essential  in  the  design  and  evaluation  of  an  experiment, 
the  general  availability  of  the  requisite  thermal  parameters  makes 
experimental  verification  of  any  model  an  absolute  necessity.  Preliminary 
ground  based  testing  must  be  done  to  provide  the  missing  thermal  data. 

Also  because  of  intrinsic  cost  of  space  processing,  the  economics  dictate 
that  maximum  information  possible  be  derived  in  GB  tests. 

f he  element  which  distinguishes  this  approach  from  usual 
investigations  is  that  the  goal  of  laboratory  studies  is  as  much  to 
verify  the  model  of  the  experiment  configuration  as  to  generate  material 
samples  for  evaluation.  Even  with  future  space  processing  systems,  it 
will  probably  be  cheaper  to  do  extensive  ground  evaluation  than  to  use 
an  iterative  process  based  on  the  results  of  flight  experiments. 

EXAMPLES  FROM  CURRENT  SYSTEMS 


The  M518  Multipurpose  Electric  Furnace  System  from  the  Skylab 
mission  or  ics  modified  version,  the  MA-010  System  for  the  ASTP  Mission, 
may  be  used  as  examples  of  the  various  design  considerations  discussed 
in  the  previous  sections.  The  components  of  these  systems  are  shown  in 
Fig.  1,  and  their  functions  are  listed  in  Table  II.  A brief  description 
of  these  components  and  some  of  the  design  considerations  are  as  follows 

Table  II 


Component 
Control  Package 

Multipurpose  Electric  Furnace 
Experiment  Cartridges 

Helium  Package  (MA-010  only) 


• Temperature  Control 

• Tire /Tern.' t*rature  Programming 

• Measurement  Signal  Conditioning 

• Heat  Experiment  Cartridges 

• Confine  Samples 

• Generate  desired  temperature 
distribution  in  sample 

• Rapid  Furnace  Cool 
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The  Control  Package  serves  as  the  “brain*1  of  the  processing 
system.  In  order  to  accommodate  the  limited  astronaut  time  available 
for  the  experiments,  the  Control  Package  not  only  provided  temperature 
control  during  the  soak  and  cool-down  periods,  but  also  automatically 
sequenced  the  entire  experiment  program  from  the  beginning  of  heat-up 
to  the  end  of  the  final  passive  cool-down.  The  only  astronaut  partici- 
pation required  was  to  load  the  experiment  cartridges,  set  the  proper 
operation  parameters  and  press  the  “start**  switch.  As  a convenience, 
the  Control  Package  also  provided  a digital  display  of  the  furnace 
temperatures  and  the  status  of  the  system. 

Multipurpose  Electric  Furnace  (MEF) 

The  Multipurpose  Electric  Furnace  was  the  processing  unit  of  the 
systez  providing  a temperature  controlled  hot  zone  for  heating  the 
experiment  cartridges.  The  essential  design  constraints  for  this  unit 
were  of  size  and  power  since  the  unit  had  to  interface  with  the  heat 
sink  in  M512  Materials  Processing  Facility  and  present  an  acceptable 
load  to  both  the  spacecraft  power  system  and  heat  dissipation  capability. 
Also,  to  be  consistent  with  constraints  on  space  and  weight,  only  the 
single  heated  zone  was  available;  the  required  temperature  distribution 
in  the  experiment  samples  was  provided  by  the  experiment  cartridges. 
Further,  manual  loading  of  the  experiment  cartridges  was  more  efficient 
than  an  automated  system  for  the  conditions  of  the  Skylab  and  ASTP 
missions . 

Helium  Package  (HP) 

In  the  MA-010  System,  the  heat  losses  from  the  furnace  were 
reduced  to  a level  where  the  cooldown  time  of  the  samples  would  take  a 
disproport iunat ely  large  fraction  of  the  experiment  time  line.  With 
only  a relatively  limited  flight  time  available,  a means  wes  needed  to 
increase  the  cooling  rate  of  the  furnace  once  the  critical  phases  of  an 
experiment  were  completed.  Since  the  furnace  insulation  is  primarily 
radiation  shielding,  the  introduction  of  helium  increases  the  losses 
ten-fold  and  reduces  the  experiment  cycle  to  an  acceptable  length. 

Experiment  Cartridges 


In  the  M518/MA-010  systems,  the  experiment  cartridges  serve  as 
more  than  convenient  containers  for  the  sample  ampoules.  By  controlling 
the  heat  fluxes  through  the  cartridges,  a much  wider  range  of  temperature 
distributions  can  be  achieved  in  the  samples  than  could  be  generated 
by  the  furnaces  alone  with  their  single  variable  temperature  zone.  An 
example  of  one  mode  of  control  is  shown  in  Fig.  2,  where  the  emissivity 
of  the  cold  end  of  the  cartridge  is  used  as  the  variable.  The  temperature 
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of  Che  hot  end  of  the  cartridge  remains  relatively  constant,  while  the 
temperature  of  the  colder  end  varies  by  several  hundred  degrees.  Another 
mode  of  control  is  the  use  of  different  thermal  t ondm t am  es  along  the 
axis  of  the  cartridge.  Each  cartridge  was  designed  to  provide  the 
appropriate  temperature  distribution  for  the  experiment. 

Experiment  Design 

Limitations  on  instrumentation  dictated  that  only  the  furnace 
temperatures  (hot  and  cold  end)  could  be  measured  in  flight.  Therefore, 
in  order  to  determine  the  temperatures  of  interest  in  the  samples 
themselves,  it  was  necessary  to  develop  analytical  models  for  the 
temperatures  in  the  experiment  cartridges.  These  analytical  models 
were  refined  during  an  extensive  development  test  program  so  that  during 
the  final  flight,  the  sample  temperatures  could  be  predicted  accurately 
for  any  set  of  actual  furnace  conditions. 


CONCLUSIONS  AND  RECOMMENDATIONS 

The  challenge  in  designing  materials  processing  systems  for  space 
flight  lies  .in  accommodat  ing  the  requirements  of  the  particular  experi- 
ments to  the  constraints  imposed  by  the  flight  vehicle.  Success  in 
achieving  a good  design  depends  on  having  an  adequate  definition  of 
both  the  rnnuii  pnenLs  ^ud  limitations  in  terms  of  basic*  jw  raniei  er  s - 
Further,  careful  ground  based  testing  and  analysis  is  essential  for  the 
efficient  utilization  of  flight  facilities. 

Although  the  previous  discussion  has  emphasized  various  design 
constraints  with  reference  to  a furnace  system,  weight,  volume  and 
power  are  constraints  on  any  system.  Human  interaction  was  not  stressed 
in  the  discussion;  any  temperature-time  programs  were  automated  in 
previous  systems.  Future  programs  may  require  automation  of  material 
handling  and  more  sophisticated  control  programming.  In  all  cases, 
however,  the  guiding  consideration  for  the  design  of  materials  processing 
system  will  be  the  optimum  allocation  of  available  resources  including 
time,  human  availability,  launch  fuel  and  spacecraft  power. 
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ELECTROMAGNETIC  CONTAINERLESS  MELTING  AND  SOLIDIFICATION 
IN  THE  WEIGHTLESS  ENVIRONMENT 


By 
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R.  T.  Frost,  E.  H.  Stockhoff,  G.  Wouch 
General  Electric  Company 
Philadelphia,  Pennsylvania  19101 


SUMMARY 

A wide  range  of  important  materials  science  experiments  and  materials  pro- 
cesses which  depend  upon  melting,  reaction  or  re  solidification  in  the  freely  levi- 
tated state  has  been  identified*  These  materials  range  from  alloy  systems  of 
relatively  good  electrical  conductivity  to  glasses  of  electrical  resistivities  when 
preheated  on  the  order  of  one  ohm-centimeter.  For  these  materials,  application 
of  positioning  forces  by  means  of  electromagnetic  fields  in  a Containe  rle  s s Pro- 
cessing Facility  is  practical  with  present  day  technology.  Ground  based  studies 
and  theory  indicate  many  possibilities  for  formation  of  new  phases  and  crystal 
structures  through  elimination  of  gravity  and  the  influence  of  crucible  walls.  With- 
in the  resistivity  range  considered  are  included  many  interesting  possibilities  for 
new  types  of  containerless  melting  and  solidification  experiments.  These  include 
possibilities  for  formation  of  amorphous  metals  and  semiconductors  through 
the  exploitation  of  the  undercooling  made  possible  by  containerless  solidifi- 
cation, refractory  metals  and  oxides  formed  or  purified  free  of  the  influ- 
ence of  crucible  contamination,  immiscible  alloys  and  cermets,  and  transition 
metal  carbides  and  nitrides  of  high  purity  which  are  difficult  to  prepare  by  powder 
me  tallurgy. 

Because  the  range  of  physical  parameters  of  the  materials  which  can  be 
processed  free  of  the  influence  of  containers  is  extremely  large  compared  to  the 
experience  in  terrestrial  levitation  experiments,  it  is  inappropriate  to  utilize 
without  major  change  the  electromagnetic  levitation  techniques  which  have  been 
developed  over  the  past  decades  in  terrestrial  laboratories.  The  material  property 
to  which  the  containerless  facility  physical  specifications  are  most  sensitive  is  the 
specimen  electrical  resistivity  in  and  at  temperatures  just  below  the  molten  state. 
This  parameter  has  a major  effect  upon  the  specification  of  an  optimum  frequency 
for  the  electromagnetic  fields  used  for  specimen  position  control  and  eddy  current 
heating.  The  efficiency  for  achieving  required  positioning  forces  and  for  induction 
heating  of  the  specimen  depends  sensitively  upon  specimen  resistivity  and  size, 
both  of  which  can  be  considered  to  vary  over  a much  greater  range  than  can  be 
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tolerated  in  terrestrial  levitation  experiments.  Since  available  electrical 
power  in  the  Space  Laboratory  will  be  limited,  much  attention  is  given  in  the 

present  study  to  optimization  of  facility  power  efficiency.  It  is  considered  in- 
appropriate to  carry  out  Space  Laboratory  experiments  at  high  power  with  the 
very  poor  efficiencies  which  are  normally  tolerated  in  terrestrial  levitation  ex- 
periments with  small  samples. 

,i  ! ■ i 

In  a recent  NASA  study  [l]  a comparison  has  been  made  amongst  what  are 
believed  to  be  all  reasonable  candidate  coil  configurations  for  a Containerless 
Processing  Facility.  After  optimizing  each  specific  coil  type  with  respect  to 
efficacy  for  electromagnetic  position  control  and  eddy  current  heating  Cor  spherical 
conducting  specimens,  a comparison  was  made  amongst  the  optima  so  found  within 
each  coil  "family.  " This  intercomparison  was  made  on  the  basis  of  a number  of 
engineering  criteria  in  addition  to  the  achievement  of  high  force  and  heating  per 
unit  power.  A brief  summary  of  this  work  is  given  here  which  indicates  that  a 
baseball  or  "cusp"  coil  are  especially  suitable  for  an  early  Space  Laboratory 
Facility.  An  orthogonally  wound  circular  coil  can  be  added  to  either  to  provide 
for  specimen  rotation  control. 


The  cusp  coil  is  preferred  for  use  with  electron  beam  heating  because  of  its 
greater  "stiffness"  for  specimen  displacements.  Measurements  have  been  made 
to  compare  eddy  current  heating  efficiencies  for  both  types  of  coils.  The  induction 
heating  efficiency  is  greater  for  the  baseball  when  the  ratio  of  specimen  diameter 
to  coil  diameter  becomes  small.  Since  a versatile  Space  Laboratory  facility  will 
require  both  types  of  heating  in  order  to  be  compatible  with  the  widest  possible 
range  of  materials  and  since  both  coils  are  compatible  with  the  same  type  of  RF 
power  amplifier  and  servo  equipment,  it  is  recommended  that  the  coils  be  modularly 
replaceable  elements  in  the  facility.  The  requirement  for  easily  exchangeable 
modular  coils  is  indicated,  in  any  event,  by  the  requirement  for  changing  coil  size 
when  significant  changes  ir.  specimen  size  are  made  so  as  to  maintain  reasonable 
power  efficiencies  within  the  facility. 


Because  most  of  the  materials  process  examples  which  have  been  identified 
are  included  within  a range  extending  six  decades  in  resistivity  above  the  good  con- 
ductors , coil  power  frequencies  ranging  over  about  three  decades,  from  0.01  to 
1 0 or  15  mHz  will  be  required.  Continuous  frequency  variation  over  this  range  is 
not  required.  Rather,  one  octave  steps  will  be  sufficient,  leading  to  power  am- 
plifier requirements  similar  to  the  band  switching  techniques  used  in  commercial 
radio  transmitter  gear  which  can,  in  a single  unit,  typically  cover  five  or  six 
octaves  of  frequency  at  power  levels  of  1 kw  and  above.  Tuning  within  such  bands 
is  not  required  in  an  electromagnetic  Containerless  Processing  Facility. 

For  early  Space  Lab  applications,  available  power  will  be  the  principal 
limitation  to  the  variety  of  materials  which  can  be  processed  in  quantities  larger 
than  experimental  amounts.  The  maximum  sample  diameters  for  reasonable 
assumed  Space  Laboratory  facility  power  range  from  16  cm  for  the  lower  melting 
materials  such  as  glasses  and  many  alloy  systems  to  about  2 cm  for  the  highest 
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molting  materials  such  as  tungsten.  For  later  manuf ic turing  facilities,  however, 
the  system  can  be  scaled  up  to  commercial  quantities  if  adapted  to  the  use  of  solar 
heating  at  the  focus  of  a large  reflector. 

INTRODUCTION 

During  the  late  I960*  s a number  of  conversations  were  held  between  repre- 
sentatives of  industry  and  NASA  officials  regarding  the  possibilities  for  exploiting 
the  weightless  environment  of  space  to  carry  out  new  types  of  materials  processing 
experiments  which  could  lead  to  new  materials  and  products.  Perhaps  the  most 
obvious  of  the  suggestions  was  to  utilize  the  natural  tendency  of  all  objects  to  float 
freely  in  a ’’levitated”  state  in  a freely  orbiting  space  vehicle.  This  would  allow 
consideration  of  melting  and  solidification  experiments  free  from  the  influence  of 
crucibles  and  molds  since  the  specimen  integrity  could  be  maintained  by  surface 
tension  forces  alone.  It  was  apparent  that  many  of  the  restrictions  of  terrestrial 
levitation  techniques  utilizing  electromagnetic  fields  would  be  removed.  In  the 
weightless  environment,  electromagnetic  fields  could  be  used  to  remove  kinetic 
energy  from  the  specimen  relative  to  the  laboratory  and  to  prevent  the  melt  from 
touching  nearby  equipment.  Since  the  required  forces  would  be  relatively  small, 
containerless  melting  and  solidification  can  be  * a tried  out  for  materials  having 
resistivities  orders  of  magnitude  above  those  which  can  be  considered  in  terres- 
trial experiments.  The  mass  of  the  melt  processed  would  be  limited  only  by  the 
onset  of  hydrodynamic  instabilities  and  heat  transfer  considerations,  and  calcula- 
tions show  that  masses  of  many  kilograms  can  be  considered.  These  early  ideas 
have  been  developed  in  some  detail  through  NASA  contract  studies  over  the  past 
several  years.  The  purpose  of  the  present  report  is  to  indicate  general  facility 
concepts  capable  of  processing  the  widest  range  of  possible  important  con- 
tumerless  processing  experiments  within  reasonable  technology  constraints.  An 
important  part  of  tne  work  has  been  to  make  an  up-to-date  summary  of  these 
experiment  possibilities.  An  attempt  has  been  made  to  consider  materials  based 
on  importance  in  terms  of  new  scientific  data  or  possible  future  commercial 
applications. 


CAN  DID  AT  E CONTAINERLESS  MATERIALS  PROCESS  EXPERLMENTS 

The  motivation  for  earth  based  electromagnetic  levitation  experiments  has 
generally  been  the  achievement  of  one  or  more  of  the  following  objectives. 

1.  Purification  and  outgassing  of  specimens  free  from  crucible  contain- 
ina  tion 

2.  Observation  of  extreme  degrees  of  supercooling 

3.  Production  of  well  homogenized  alloys. 
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Although  terrestrial  work  in  this  area  has  been  mainly  with  metals  and  their 
alloys,  some  investigators  have  recently  extended  these  techniques  to  the  study 
ot  high  temperature  inorganic  synthesis  [2*  3j.  The  present  paper  indicates  that, 
in  the  weightless  space  environment,  containerless  levitation  with  electromag- 
netic position  control  is  applicable  to  materials  whose  resistivities  just  below 
their  melting  point  may  be  six  decades  higher  than  the  resistivity  of  the  best 
conductors  and  may  be  processed  in  masses  of  many  kilograms,  provided  that 
sufficient  power  is  available*  1,1 

In  a recent  contract  carried  out  for  the  Marshall  Space  Flight  Center  Process 
Engineering  Laboratory,  a review  was  made  of  the  very  wide  range  of  suggestions 
which  have  been  made  for  exploiting  such  containerless  processing  to  caz  ry  out 
basic  materials  experiments  in  space  leading  to  new  knowledge  and  in  many  cases 
to  the  probable  preparation  of  new  and  unique  materials  [1,4,5,  6,  7 , 8,  9,  10,  11,  12]. 
A review  of  this  work  will  be  given  in  another  paper  [ 1 3 3 - We  shall  here  only 
briefly  summarize  those  classes  of  materials  which  would  most  benefit  from  the 
new  possibilities  of  containerless  processing  in  space.  V/e  shall  emphasize  pri- 
marily the  range  of  electrical  re  sis  tivities  covered  by  the  most  interesting  can- 
didate materials  since  this  parameter  has  the  greatest  effect  upon  specification 
of  optimum  electromagnetic  field  frequencies  required  for  position  control  and 
heating  of  the  melt.  Also  considered  is  the  range  of  melting  temperatures  which, 
together  with  the  size  of  the  specimen,  is  most  important  in  determining  power 
required  for  melting  of  a free  levitated  mass. 

The  materials  of  greatest  interest  can  be  grouped  as  follows. 

1.  Alloys,  inte rmetallic  compounds  and  cermets 

2.  Transition  metal  carbides  and  nitrides 

3.  Glasses. 

These  are  discussed  briefly  following. 

Alloys,  Inte  rmetallic  Compounds  and  Cc  rm^ts 

Carbides,  Nitrides,  Silicides,  Borides,  Beryllides  and  Sulfides 

These  materials  are  beginning  to  be  used  widely  in  various  fields  of  modern 
techr  jlogy  because  of  their  high  melting  points,  hardness,  chemical  stability, 
high  temperatures  of  transition  into  the  superconducting  state,  metallic  conduc- 
tivity or  semiconductivity  or  strength  at  high  temperatures  {2,  3,  14,  15,  16  j.  The 
preparation  of  high  purity  polycrystalline  solids  of  these  materials  with  adequate 
homogeneity  and  grain  size  as  well  as  the  preparation  c*  high  purity  single  crystals 
of  low  defect  density  has  been  a problem.  Alsc,  it  is  desirable  to  produce  these 
materials  with  better  characterization  of  bulk  samples  to  assist  in  understanding 
how  deviations  from  stoichiometry,  crystal  structure,  lattice  parameters  and 
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impurity  levels  should  be  specified.  The  following  examples  are  discussed  in 
Reference  [ 1 ]. 

1.  TaN  and  NbN  based  alloys 

2.  Hexaborides  such  as  lanthanum  boride  (LaB^) 

3.  Carbides  such  as  TiC,  ZrC,  TaC 

4.  Amorphous  metallic  conducting  glasses  such  as  palladium  silicon. 
Amorphous  Semiconductors  and  Semiconducting  Glasses 

These  materials  should  find  wide  applications  in  electronics  in  future  years. 
Due  to  their  amorphous  nature,  these  materials  show  homogeneous  and  isotropic 
electronic  and  optical  properties.  They  are  not  as  much  affected  by  impurities  as 
are  the  crystalline  semiconductors.  Many  of  these  glasses  exhibit  the  property  of 
’’switching”  their  conductivities  from  low  to  high  and  should  be  useful  in  electronic 
switching  and  computer  applications.  The  semiconducting  glasses  and  amorphous 
se micnnductors  fall  into  three  main  categories.  These  are 

1.  The  chalcogenide  glasses,  in  which  one  or  more  of  the  elements,  S, 

Se,  or  Te  is  combined  with  one  or  more  of  the  elements  such  as  metals 
Si,  Ge , P,  As,  Sb,  Bi,  T1  and  Pb, 

2.  The  Transition -metal  oxide  glasses,  which  are  glasses  in  which  the 

major  constituent  i3  a transition  metal  oxide  such  as  (vanadium 

pentoxide ), 

3.  Amorphous  germanium  and  silicon, 

4.  Recently,  ’’diamond  lattice  type”  glassy  semiconductors  such  as  Cd- 
Ge-As  have  been  reported  and  may  form  a fourth  category. 

All  of  these  glasses  may  be  prepared  by  supercooling  from  the  melt,  bypassing 
crystallisation.  Thus  they  are  ideal  candidates  for  containerless  processing 
t \periments.  At  rocm  temperature  many  of  these  semiconducting  glasses  have 
resistivities  above  1CP  ohm-meters,  but  at  elevated  temperatures  and  when 
molten,  resistivities  which  fall  below  10*^  ohm-meters. 

Alloy  Melts  having  a liquid  miscibility  gap 

These  are  the  monotectics  and  exhibit  the  phenomenon  of  segregation  of  the 
two  liquids,  on  earth,  by  virtue  of  density  differences  C 5 ] . In  the  weightless 
environment  this  separation  should  not  occur  and  a matrix  of  one  phase  with  dis- 
persion of  the  ither  phase  throughout  shoiJa  be  obtained.  Unique  new  alloys  and 
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inte rmetallic  compounds  with  unique  electronic  properties  may  be  prepared  from 
melts  of  monotectic  composition  and  hype rmonotectic  composition.  Tungsten- 
copper  is  an  alloy  which  is  totally  immiscible  in  the  liquid  and  solid  states  t 5 ] . 
Tungsten-copper  is  produced  commercially  at  the  present  time  by  liquid  copper 
infiltration  of  a Tungsten  skeleton.  By  solidifying  a tungsten  power  dispersion 
in  a copper  melt  using  containe rless  processing,  new  materials  could  be  pre- 
pared with  possible  unique  applications  to  wear  resistant,  high  temperature 
circuit  breakers,  relays  and  electric  switches. 

If  thermal  gradients  can  be  adjusted  across  a freely  floating  melt,  then 
directionally  solidified  composites  could  be  produced.  An  example  is  Fe-Pb 
which  would  have  unique  magnetic  properties.  Another  example  is  Hg-Te  which 
forms  the  semiconducting  interme tallic  compound  HgTe.  Through  supercooling 
melts  of  monotectic  or  hype  rmonotectic  compositions,  new  inte  rme  tallic  com- 
pounds, new  alloy  compositions,  or  amorphous  materials  may  be  formed.  The 
chalcogenic  glasses  SeSb  and  SeTl  are  other  examples. 

Eutectics 

By  adjusting  the  thermal  gradients  across  a freely  floating  melt,  directionally 
solidified  composites  may  be  prepared  with  unique  electronic  and  optical  properties 
[fe].  Some  examples  are  LnSb-Sb  for  the  thermoelectric  applications,  FeSb-lnSb  for 
magnetoresistive  and  infrared  polarizing  applications,  NaF-LiF  for  optical  prop- 
erties and  Fe-FeS  for  ferromagnetic  applications. 

New  alloys  and  compounds,  prepared  by  supercooling  melts 

If  a high  degree  of  supercooling  can  be  attained  through  containerless  pro- 
cessing then  many  new  materials  may  be  prepared  with  unique  features  through 
solution  broadening  or  bypassing  crystallization  [&].  One  example  is  Ni-Ge  which 
has  been  studied  through  SPLAT  cooling. 

Transition  Metal  Carbides  and  Nitride s 

Transition  metal  carbides  and  nitrides  are  of  extreme  interest  and  impor- 
tance in  modern  technology  [l4,  15,  17].  At  the  present  time  their  main  commer- 
cial interest  is  due  to  their  hardness.  The  carbides  in  this  group  form  the  basis 
for  "cemented  carbide"  cutting  tools  and  wear -re sistant  parts.  Due  to  their 
excellent  high -te mpe ratui e strength  and  good  corrosion  resistance  they  are  also 
used  as  high  temperature  structural  materials. 

There  are  other,  more  exciting,  properties  possessed  by  these  materials 
which  hold  great  promise  for  future  technological  applications.  The  transition 
metal  nitrides  axe  being  used  increasingly  not  only  for  their  electrical  properties 
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in  integrated  circuitry  but  are  also  being  studied  for  their  superconducting  prop- 
erties. Niobium  nitride  based  alloys  have  some  of  the  highest  superconducting 
critical  temperatures.  Containerless  processing  in  space  would  open  up  possi- 
bilities lor  purification,  melting,  and  supercooling  melts  of  nitrides  and  carbides 
in  attempts  to  produce  new  superconducting  materials.  Many  of  the  supercon- 
ductors with  high  critical  temperatures,  critical  magnetic  fields,  and  critical 
current  densities  are  transition  metal  carbides  and  nitrides. 

Thin-film  nitrides  seem  to  have  the  most  potential  for  application  in  such 
devices  as  Josephson  junctions.  Their  refractory  nature  and  corrosion  resistance 
resul:s  in  little  chemical  diffusion  and  hence  decay  of  the  junction  with  time. 
Junctions  \n  use  today  are  not  chemically  stable  after  cycling  a few  times  between 
room  and  liquid  helium  temperatures. 

Preparing  melts  of  carbides  and  nitrides  poses  many  problems  [14],  Many 
of  them  have  very  high  melting  points.  Tantalum  Carbide  has  the  highest  melting 
point  known  for  any  material  (about  3983°C).  The  melting  points  of  the  carbides 
are  generally  higher  than  those  of  the  parent  transition  metal  element  while  those 
of  the  nitrides  are  comparable.  There  are  no  crucible  materials  to  contain  these 
very  high  temperature  melts. 

Contamination  by  impurities  such  as  oxygen  has  a significant  effect  on  the 
properties  of  carbides  and  nitrides  and ; since  it  forms  a solid  solution  with  both 
carbides  and  nitrides,  oxygen  is  extremely  difficult  to  eliminate  [14,  17  j.  Carbon 
deoxidation  is  possible  by  heating  under  vacuum  conditions  at  elevated  tempera- 
tures and  with  excess  carbon.  It  appears  likely  that  vacuum  purification  and 
melting  of  these  very  high  temperature  materials  without  a crucible  such  as  in 
containerless  melting  m weightless  environment  may  enable  very  high  purity 
polycrystalline  or  single  crystal  transition  me tal -carbide s and  nitrides  to  be  pro- 
duced for  electrical  and  superconducting  applications. 


Cii  a s s e s 


Of  the  glasses,  electromagnetic  position  control  can  be  used  for  those  whose 
resistivity  falls  below  10“^  ohm-meters  at  elevated  temperatures  such  as  many 
of  the  oxides  and  those  with  sufficient  metallic  or  semiconductor  particles  dis- 
persed within  them.  Most  of  these  materials  will  require  preheating  before 
release.  They  may  also  be  prime  candidates  for  electron  beam  heating  and 
melting. 

High  index  glasses  for  new  optical  systems  [9,  10]  may  be  prepared  from 
melts  of  oxides  such  as  CeO^,  ZrO^,  Nb^O-,  TiC^,  etc.  These  glasses  would 
be  prepared  by  heating,  melting  and,  possibly,  superheating  the  crystalline 
oxides,  and  then  supercooling  the  melt  in  the  absence  of  a crucible. 

New  single  crystal  materials  may  be  produced  from  oxides  of  very  high 
melting  point  such  as  ZrO^.  One  process  contemplated  is  the  production  of  the 
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oxide  glass  and  then  conversion  of  the  glass  to  a crystalline  form.  This  would 
avoid  polymorphic  transitions  which  occur  in  ZrO^  and  BeO  as  they  are  cooled. 
Other  materials  such  as  ZBeOrSiO^  (phenacite)  [l  0]  and  ZrO^:  SiCK  (zircon  in 

which  the  composition  melts  incongruontly  should  also  be  considered  for  pro- 
duction of  single  crystals  by  conversion  from  the  glass.  They  have  net  been  pro- 
duced in  usable  form  by  conventional  crystal  growing  techniques. 

Review  of  User  Interests  and  Requirements 

■ 1 i 

In  an  effort  to  initiate  the  establishment  of  a uniform  set  of  processing  re- 
quirements for  materials  of  interest  to  the  potential  user  community,  a user 
survey  was  carried  out  as  part  of  this  contract.  Extensive  discussions  were  held 
with  key  individuals  from  various  industrial  laboratories.  Data  was  extracted 
from  publications  and  reports  documenting  space  processing  concepts,  experi- 
ments and  tests  recommended  by  various  individuals  and  groups  involved  in 
materials  research. 

As  a result  of  these  dialogs  and  literature  reviews,  a tabulation  was  com- 
piled of  some  18  areas  of  user  interest,  from  such  specific  commercial  applica- 
tions as  tungsten  with  improved  grain  structure  for  x-ray  targets  to  such  potential 
applications  and  research  areas  as  more  uniform  dispersions  of  eutectic  and  mono- 
tectic  alloys.  In  all,  *h«_  tabulated  user  areas  of  interest  are  representative  of 
approximately  400  different  mate  rials  and  material  combinations.  This  work  is 
the  subject  of  anothei  p^pe  i fl3j.  The  most  impor  tant  output  of  these  studies  is 
the  establishment  of  the  ranges  of  electrical  resistivity  of  the  various  candidate 
materials  and  processes.  These  results  will  be  discussed  below. 

RANGE  OF  MATERIALS  PARAMETERS  AND 
SOME  PROCESS  REQUIREMENTS 

Key  Material  Properties 

The  important  material  parameters  for  the  speciiic  examples  of  each  area 
of  interest  were  compiled.  Subsequently,  a representation  of  the  number  of  ex- 
amples versus  resistivity  (in  the  range  of  10”®  to  10”^  ohm  meters)  was  prepared. 
Figure  1 is  a histogram  showing  the  numbers  of  candidate  cases  falling  within  a 
number  of  ranges  of  electrical  resistivity.  Also  identified  in  this  histogram  are 
the  general  ranges  which  include  examples  already  discussed  of  carbides,  borides, 
nitrides,  silicides,  be ry Hides,  sulfides,  and  oxides  of  metals  (when  heated), 
chalcogenic  glasses  (when  heated),  pure  metals,  alloys  of  metals,  and  semicon- 
ductors (some  require  heating).  The  overwhelming  number  of  cases  of  these 
materials  considered  fell  within  the  range  of  resistivity  illustrated  and  are  thus 
suitable  for  processing  in  an  electromagnetic  containerless  system. 

Also  considered  was  the  number  of  examples  for  which  the  "second  cross- 
over point”  in  secondary  electron  coefficient  versus  energy  lie  in  various  ranges 
from  0.5  kev  to  20  kev.  The  "sjcond  crossover  point”  is  defined  as  that  electron 
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energy  at  which  the  total  secondary  electron  emission  (alls  below  unity,  pre- 
cluding electron  beam  melting  ol  free  specimens  with  electrons  of  greate  r energy. 
Electron  beam  heating  can  be  considered  for  materials  for  which  the  ’’second 
crossover  point”  is  no  less  than  two  or  three  kilovolts. 

The  density  to  surface  tension  ratio  determines  the  maximum  specimen 
rotation  speeds  which  can  be  considered  for  gas  bubble  removal  without  causing 
excessive  deformation  of  a molten  specimen.  These  matters  are  discussed  in 
Reference  [l].  Density  is  also  important  in  determining  the  relative  accelera- 
tions that  will  be  caused  by  application  of  positioning  forces. 


Cooling  to  Solidification  Temperature  and  Time  Required  for  Solidification 

These  questions  have  been  discussed  numerically  in  Reference  [l8]  including 
the  effects  on  onset  of  solidification  at  temperatures  well  below  the  normal  solidi- 
fication point.  Because  of  the  absence  of  crucible  walls  to  furnish  sites  for 
heterogeneous  nucleation  in  the  melt,  the  subcooling  phenomenon  is  expected  to 
be  encountered  relatively  frequently.  Extreme  subcoolings  may  be  observed  in 
many  cases  of  interest  (and  in  fact  provides  one  of  the  principal  motivations  for 
the  containcrless  experiments).  Procedures  for  computing  upper  and  lower 
bounds  on  time  to  solidification  are  given  in  Reference  L 4 j. 

RF  Induction  Heating 


This  subject  has  been  adequately  treated  in  the  literature  [18,  19].  In  a 
recent  report  [l]  computations  of  efficiency  for  heating  are  given  and  compared 
with  experiment.  The  efficiency  for  RF  heating  and  for  applying  position  control 
forces  is  a function  of  a parameter  x which  is  the  ratio  of  the  radius  of  the 
material  specimen  considered  to  the  electromagnetic  skin  depth  in  the  specimen. 

In  practice,  reasonable  efficiencies  are  achieved  only  at  frequencies  high  enough 
that  the  skin  depth  becomes  of  the  c.'der  of  the  specimen  radius  or  less.  Because 
of  the  importance  of  the  skin  depth  parameter,  we  show  in  Figure  2 the  variation 
of  skin  depth  as  a function  of  frequency  for  various  resistivities. 

Because  of  the  wide  range  considered,  the  straight  lines  have  been  chosen 
to  correspond  to  constant  resistivities,  each  differing  from  the  other  by  two  orders 
of  magnitude  (factors  10^).  .Ylso  indicated  by  tne  arrows  and  labels  are  the  ranges 
of  specimen  resistivities  discussed  previously.  It  can  be  seen  that  electromagnetic 
SKin  depths  of  one  centimeter  or  less  (x  values  of  unity  or  greater  for  reasonable 
size  spe c imens)  can  be  achieved  for  frequencies  no  higher  than  20  MHz.  Employ- 
ment of  microwave  equipment  does  not  appear  to  be  necessary  for  the  range  of 
materials  and  processes  which  are  considered  here. 

For  very  high  resistivity  specimens  such  as  cold  glass,  alternate  position 
control  techniques,  such  as  standing  sound  waves  in  gas  filled  cavities,  can  be 
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considered.  Here  it  is  anticipated  that  alternate  methods  of  heating  other  than 
the  HF  or  electron  beam  techniques  considered  in  this  report  must  be  employed. 
The  work  coils  required  for  the  former  would  likely  interfere  wiih  the  standing 
sound  wave  pattern.  Electron  beam  melting,  at  the  required  electron  energies, 
would  not  be  applicable  due  to  electron  scattering  iroin  the  working  gas  in  the 
sonic  system  and  radiant  or  microwave  heating  may  be  required.  It  should  also 
be  noted  that  many  containerless  experiments  and  processes  call  for  controlled 
gas  environments  at  pressures  too  low  to  be  practicable  for  the  sonic  positioning 
technique.  Other  experiments  and  processes  adaptable  to  sonic  position  contiol 
are  being  studied  in  other  laboratories  [20,  2l]. 

The  above  considerations  indicate  that  eddy  current  induction  heating  of 
both  good  and  relatively  poor  conductors  is  feasible  provided  magnetic  fields  of 
adequate  intensity  can  be  provided  over  a frequency  range  up  to  10  or  ?0  MHz, 
the  higher  frequencies  being  employed  for  the  poorer  conductors  in  order  to 
achieve  adequate  x values. 

Electron  Beam  Heating  and  Melting 

There  is  a large  class  of  material  examples  which  can  be  electron  beam 
heated  and  melted  in  the  levitated  condition,  without  the  need  for  grounding  of  the 
material.  This  possibility  arises  from  the  circumstance  that  the  total  secondary 
electron  emission  coefficient  can  exceed  unity  for  these  materials  if  proper 
selection  is  made  of  electron  beam  energy.  The  electrostatic  potential  of  the 
levicated  material  will  automatically  adjust  itself  to  that  value,  in  the  rarge  of  a 
few  tens  ol  volts  positive,  which  causes  an  adjustment  of  the  net  number  of  low 
energy  secondaries  emitted  such  that  the  total  electron  flux  leaving  the  specimen 
equals  the  total  flux  of  electrons  in  the  impinging  beam. 

Reference  [l]  lists  a large  number  of  material  candidates  for  containerless 
processing  for  which  the  secondary  electron  emission  coefficient  rises  above  unity 
for  electron  energies  suitable  for  use  with  electron  beam  heaters.  In  Figure  3 
we  show  a gross  representation  of  the  numbers  of  candidate  materials  considered 
for  which  this  possibility  for  electron  beam  heating  exists.  Specifically,  EB  heating 
can  be  considereu  when  the  second  crossover  point  exceeds  2 to  3 kilovolts. 

Other  Process  Re  quirements 


The  physics  and  engineering  analysis  of  providing  controlled  rotations  to 
levitated  specimens  by  providing  rotating  magnetic  fields  is  discussed  in  Reference 
[l]  and  will  not  be  given  here.  The  synchronous  motor  principle  can  be  easil / 
applied  by  providing  another  magnetic  field  coil  which  produces  a field  orthogonal 
to  that  of  the  main  magnetic  field  used  for  positioning  and  heating.  Relatively 
modest  rotating  fields  to  impart  spin  to  the  levitated  specimen  can  be  provided  by 
introducing  sepa-ate  excitation  to  the  coils  which  are  phased  in  quadrature.  Be- 
cause of  the  relatively  low  spin  rates  required  to  produce  reasonable  centrifugal 
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fields  for  gas  babble  removal,  field  frequencies  in  the  range  below  100  Hz  will 
normally  be  sufficient.  The  specimen  rotation  frequency  is  limited,  in  any  event, 
by  hydrodynamic  instabil itie s which  would  set  in  for  excessive  oblate  deformation 

Position  Force  Requirements 

Translational  forces  must  be  applied  to  the  specimens  in  the  Containerless 
Processing  Facility  in  order  to  prevent  contact  of  the  melt  with  surrounding  equip 
menu  In  addition  it  is  necessary  that  specimen  position  oscillations  within  the 
potential  well  provided  by  the  magnetic  field  configuration  be  damped  to  a high 
degree  within  reasonably  short  times  so  that  the  forces  provided  by  the  field 
may,  for  some  processes,  be  reduced  to  very  low  quiescent  levels.  A simple 
analysis  given  in  Reference  [l]  indicates  that  an  acceleration  capability  on  the 
order  of  10“^  gravities  will  be  adequate  to  rapidly  control  the  position  of  the 
specimen  relative  to  the  center  of  mass  of  the  totaJ  Space  Laboratory.  Accelera- 
tions of  the  laboratory  as  high  as  10~^g  would  be  expected  only  from  relatively 
violent  astronaut  body  motions.  In  Reference  [l]  it  is  argued  that  these  body 
motions  will  lead  to  displacements  of  the  laboratory  center  of  mass  relative  to  a 
free  specimen  within  the  facility  small  enough  that  rigid  position  control  is  not 
required  and  that  an  acceleration  capability  for  the  Container  les  s Processing 
Facility  of  10~^g  will  probably  be  adequate. 

Forces  on  the  levitated  specimens  may  arise  from  electrostatic  charges, 
diu>rential  outgassing  or  vaporization  and  forces  due  to  impingement  of  an  elec- 
tron beam  if  this  heating  method  is  employed.  As  discussed  in  Reference  [l], 
these  various  forces  are  expected  to  be  of  a magnitude  which  would  impart  accel- 
erations to  the  specimen  on  the  order  of  10~^g  or  less.  For  this  reason  10~'g  is 
chosen  in  the  facility  capability  studies  given  at  the  end  of  this  paper.  It  will  be 
noted  that  for  most  materials  and  processes,  the  power  required  to  provide 
positioning  iuru*s  is  relatively  small  as  compared  to  the  power  required  for 
heating  and  melting  so  that  higher  acceleration  capability  could  easily  be  pro- 
vided if  early  space  experiment  experience  indicates  spurious  forces  higher  than 
anticipated. 

Environmental  Gas  Requirements 


Degassing  of  metals  in  the  solid  state  and  the  liquid  state  is  employed  to 
significantly  reduce  the  interstitial  impurities  which  cause  embrittlement,  hign 
ductile -to-1'  rittle  transition  temperatures,  and  other  effects  detrimental  to  the 
service  properties  of  the  metal  [22,23].  The  residual  gases  present  in  vacuum 
systems  are,  generally,  H^O,  O;?,  N;?,  CO,  CO;?*  H£*  ana  CFg.  These  gases 
originate  from  system  leaks,  outgassing  of  the  hot  furnace  surfaces,  the  pumping 
system,  and  the  metal  beins  heated.  The  pressure  of  each  of  these  gases  is  de- 
pendent upon  the  furnace  history  and  the  test  conditions.  During  the  heating- 
outgassing cycle,  the  total  pressure  of  these  gases  will  increase  to  a maximum 
value  and  then  decrease  to  a value  characteristic  of  the  pumping  system.  In  order 
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to  perform  certain  processes,  then,  such  as  decarburization,  the  partial  pressures 
of  residual  gases,  such  as  in  this  case,  must  be  adjusted  to  favor  the  degassing 
roac  tions . 

Careful  consideration  must  be  given  to  the  use  of  an  inert  gas  during  de- 
gassing. A major  disadvantage  of  the  use  of  an  inert  gas  is  the  great  difficulty  of 
measuring  precisely  the  concentrations  of  the  active  impurity  gases  [22,  23], 

With  permissible  partial  pressures  for  degassing  reactions  at  the  level  of  lCF^torr 
or  less,  the  allowable  concentrations  of  impurity  gases  in  an  inert  gas  at  one 
atmosphere  pressure  will  range  from  fractional  parts  per  million  to  10~^  parts 
per  million  or  less.  Thus  the  allowable  impurity  concentrations  in  the  inert  gas 
may  be  so  low  as  to  prevent  precise  measurement  and  to  impose  purity  restrictions 
on  the  inert  gas  which  are  not  attainable  by  present  technology.  Another  disadvan- 
tage is  that  the  presence  of  the  inert  gas  will  lower  the  reaction  rate  between  the 
metal  and  the  active  gas.  Active  gas  must  collide  with  and  must  diffuse 
through  the  inert  gases  to  reach  the  metal  surface.  Thus  the  surface  collision  rate 
at  a given  pressure  of  an  active  gas  at  the  mecal  surface  is  lower  in  an  inert  gas 
than  in  a vacuum.  When  active  gases  are  used,  as  for  example  in  decarburization, 
this  may  prolong  the  degassing  dwell.  For  these  reasons  degassing  is  usually  per- 
formed in  a vacuum  of  the  required  partial  pressures  of  active  residual  gases. 

With  higher  temperatures  achievable  in  the  solid  state  due  to  the  lack  of  the 
necessity  tor  supporting  the  solid  in  the  weightless  state,  the  pro'  on  gen  nw«-ll 
times  employed  in  solid  state  degassing  on  the  earth  may  be  significantly  reduced 
in  the  weightless  environment.  A short  dwell  time  after  melting,  with  some 
superheating,  may  result  in  evaporation  of  such  minor  constituents  as  phosphorous 
and  potassium.  This  will  depend  upon  the  vapor  pressure  of  the  metal  versus  the 
vapor  pressure  of  the  minor  constituent  at  this  temperature.  It  is  clear,  then, 
that  the  advent  of  processing  in  the  weightless  environment  will  require  modifica- 
tion of  degassing  processes  normally  performed  on  the  earth  to  take  advantage  of 
the  lack  of  necessity  for  suppoi  : or  containment  of  the  metal. 

It  is  most  likely  that  the  production  of  many  glasses  such  as  zirconia,  alumina, 
silica,  etc.,  will  require  an  ambient  pressure  ranging  from  a low  vacuum  (about 
10"^  torr)  to  one  atmosphere  pressure.  However,  the  atmospheres  considered 
should  be  these  designed  to  prevent  degassing  and  volatilization  of  oxides.  An 
oxygen  atmosphere  might  be  used  to  prepare  many  glasses  ^10j.  Adjustments  of 
the  partial  pressures  of  active  gases  to  the  point  at  which  degassing  and  volatiliza- 
tion ce?.se  will  be  a prime  requirement.  As  an  example,  BeO  tends  to  form  poly- 
meric vapor  species  as  (BeO)n,  where  n - 2,  3,  4,  5,  6.  Even  a small  partial 
pressure  of  will  suppress  this  incongru^nt  vaporization. 

Position  Control  Forces  - Computation  Methods 

The  basic  mechanism  f the  provision  of  *.  t r an s Lit i- *n  *. I :•  * rce  upon  an 
electrically  isolated  conducting  object  by  meu's  of  in  .lppHed  alt*  r:*«t :nu  rletiro- 

magnetic  field  is  the  following.  The  alternating  applied  magnetic  field  induces 
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circulating  eddy  currents  in  the  specimen.  Between  these  induced  currents  and 
the  applied  magnetic  field  thore  are  Lorentz  magnetic  forces.  In  the  case  of  a 
uniform  applied  fie  la  ihost?  lorces  will  balance  out  it.)  zero  by  symmetry.  How- 
ever, if  the  applied  field  is  nonuniform,  there  will  be  a net  translational  force 
on  the  specimen.  The  most  accurate  way  to  solve  the  problem  is  to  calculate 
the  eddy  current  distribution  within  the  specimen  which  satisfies  the  appropri- 
ate boundary  conditions,  to  compute  the  distributed  electromagnetic  forces 
j x B and  then  integrate  over  the  specimen  volume.  This  proolem  is  tractable 
for  certain  simple  geometries  such  as  a spherical  specimen  and  an  applied  field 
having  axial  symmetry.  Some  such  calculations  are  reported  in  the  following 
sections.  For  a general  conceptual  facility  study  as  reported  here,  however, 
it  is  more  appropriate  to  utilize  a simpler  theoretical  approach  which  allows  a 
rapid  comparison  amongst  various  coil  and  field  configurations  for  screening 
purposes.  Such  an  approach  is  allowable  as  long  as  the  differences  among  the 
various  configurations  considered  are  greater  than  the  errors  incurred  in  use 
of  the  approximation.  Thus  in  the  sections  which  follow,  the  simple  formulae 
derived  by  Smythe  [lS]  and  Okress  [19]  are  utilized  for  the  initial  screening 
and  elimination  of  many  non-optimum  coll  types.  Subsequent  computations  to 
evaluate  the  forces  more  accurately  are  used  when  studies  or  comparisons  are 
made  amongst  the  final  candidate  systems. 

Approximate  Formula  I or  Translational  Force  on  Specimen 

The  problem  of  a spherical  conductor  immersed  in  an  alternating  uniform 
magnetic  field  was  solved  by  Smythe  [18].  Okress  [19]  applied  these  formulae 
to  the  calculation  of  the  net  forces  exerted  upon  the  induced  current  system  for 
problems  ox  interest  in  terrestrial  levitation  experiments.  This  work  used  the 
approximation  that  the  applied  field  is  sufficiently  uniform  that,  before  intro- 
duction of  the  spherical  specimen,  the  variation  in  applied  field  over  the  volume 
to  be  occupied  bv  the  specimen  is  small  co?  ipared  to  its  average  value  within 
the  specimen.  The  resulting  formula  for  the  tone  acting  on  Lie  specimen  is 
F = -(a  /4)G(x)  grad  B^.  Here  a is  measured  in  centimeters,  B in  gauss 
(104  gauss  = 1 weber  m“^)  and  the  force  in  dynes.  A plot  of  the  function  G(x) 
is  shown  as  Figure  4.  For  large  x (skin  depth  short  as  compared  to  specimen 
radius)  the  function  G(x)  approaches  unity.  This  is  the  normal  mode  of  opera- 
tion for  the  facility  discussed  at  the  end  of  this  report.  For  decreasing  x the 
Lorcas  achievable  with  reasonable  power  levels  drop  prec  ipitious  ly  when  x ''  1. 

The  equation  involves  an  inconsistency  m that  the  dipole  moment  is  calcu- 
lated on  the  basis  of  a uniform  applied  field  which  later  is  assumed  to  have  a 
gradient  in  order  that  it  be  aole  to  exert  a force  on  the  specimen.  The  error 
involved  in  this  approximation  is  small  provided  the  specimen  does  not  approach 
too  eloselv  to  the  field  producing  windings  or  if  magnetic  fields  hiving  a cusp- 
1 i.-.-  v : , : • -••••:  :•  <“  n v ■-  l u me  t “ ° a * '**  • . P.*  * . u v.  A s 

of  the  simple  iormuia.  1 wo  types  oi"  more  exact  computations  ^.ere  utilized. 
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The  first  involved  a computation  of  the  actual  Lorontz  forces  acting  on  each  of 
20  discs  into  which  the  spherical  specimen  was  divided.  The  large  x (small 
skin  depth)  regime  was  considered  and  the  20  self-consistent  loop  currents  in 
each  disc  were  calculated  which  satisfied  the  boundary  condition  that  the  mag- 
netic field  just  exterior  to  the  spherical  surface  would  be  parallel  to  that  surface. 
Individual  forces  on  each  eddy  current  loop  were  then  calculated  and  summed. 
Results  of  these  calculations  are  given  in  following  sections  where  appropriate. 

A second  method  was  to  use  the  simple  formula  but  to  compute  grad  on  the 
basis  of  the  applied  field  averaged  over  the  specimen  volume.  This  approx- 
imation, for  the  circular  coil,  yielded  forces  which  agreed  better  with  the  more 
exact  20  segment  calculations  and  with  experiment  than  those  computed  from  the 
simple  formula  with  B evaluated  at  the  specimen  center. 

Selection  of  Magnetic  Field  Configuration 

With  each  coil  type,  studies  were  done  where  appropriate  to  find  that  set 
of  coil  parameters  representing  an  optimum.  Comparisons  were  then  made 
among  these  optima  for  various  coil  types  based  on  several  criteria  applying 
to  the  achievable  translational  forces  for  a given  expenditure  of  electrical 
power.  The  coil  types  were  also  compared  on  the  basis  of  efficiency  for  elec- 
tromagnetic induction  heating  since,  as  discussed  above,  this  represents 
probably  the  most  efficient  heating  method  to  be  considered  in  those  cases 
wlie  re  electron  beam  heating  is  inappropriate.  Induction  heating  will  represent, 
for  initial  Space  Lab  experiments,  a heating  method  easier  to  implement  than 
radiant  heating  or  solar  heating  through  the  use  of  large  sun-oriented  flux- 
collecting  mirrors.  The  latter  approach  will  almost  certainly  be  considered 
for  large  manufacturing  facilities  but  will  require  constraints  to  be  placed  upon 
the  orientation  and  possibly  orbit  parameters  of  the  space  facility. 

As  the  study  proceeded,  it  became  clear  that  some  of  the  coil  configura- 
tions thought  to  be  distinct  candidates  could  alternately  be  considered  as  variants 
upon  the  same  basic  topological  configuration.  For  exam. pie,  the  Alice  coil  can 
be  considered  as  the  simplest  Joffe  bar  configuration  in  which  account  is  taken 
of  two  single  end  loops  serving  as  mirrors  for  the  quadruple  bars  (see  Figure 
5).  In  fact  this  realization  historically  led  to  the  evolution  of  the  A'.ice  system 
from  the  original  Joffe  configuration.  Likewise,  the  member  of  the  baseball 
family  in  which  tne  coil  loops  lie  in  orthogonal  planes  closely  resembles  the 
Alice  configuration  and  its  properties  are  not  greatly  changed  by  the  rounding 
of  the  corners  of  the  Alice  cube.  Detailed  studies  carried  out  on  optimizing 
coil  plane  angles  in  the  baseball  family  thus  represent  what  can  be  considered 
the  final  evolutionary  stag*'  in  a whole  series  which  included  several  other  coil 
type  s . 


Similar  detailed  studies  of  the  opposing  hemisphere  coil  configuration 
showed  an  optimum  consisting  of  three  contiguous  turns  near  the  equator  of  each 
hemisphere  with  the  remaining  turns  greatly  reduced  in  influence.  It  was  later 
found  that  operating  the  coil  pair  in  phnsc  opposition  (the  so-called  cusp 
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configuration)  gave,  when  optimized,  symmetrical  force  fields,  reasonable 
RF  heating  rtiitiency  and  permitted  elimination  of  the  coil  turn3  of  smaller 
diameter  on  the  m-  mispne  r ic.  ai  surU-.c*.  This  simplification  of  coil  geometry 
provides  the  great  advantage  ol  gr«:a*'r  accessibility  to  the  specimen  position 
for  injection  or  ejection  into,  or  out  of,  tne  coil* 

A third  example  of  the  ’'dequantization*'  of  formerly  discrete,  qualitatively 
different  systems  througn  discovery  of  intermediate  cases  resembling  a con- 
tinuum is  related  to  tne  cusp  and  6-coii  configurations.  The  cusp,  when  it  is 
considered  in  a system  which  can  provide  rotation  control,  must  be  used  in 
conjunction  with  a second  ortiogonal  system.  If  this  second  coil  system  is 
chosen  to  be  a second  pair  of  opposing  coils,  the  resulting  configuration  re- 
sembles very  closely  the  original  4-coil  rnock-up  of  the  6-coil  system  which 
was  used  in  this  laboratory  to  demonstrate  position  control  and  damping  in  a 
horizontal  plane  for  a specimen  suspended  on  a long  pendulum.  In  a sense,  it 
may  be  said  that  it  has  been  learned  how  to  achieve  both  three  axis  position  and 
rotation  control  about  a single  axis  with  only  four  coils  of  the  6-coil  system. 

Although  there  are  probably  other  equally  valid  alternate  ways  to  consider 
the  comparisons  among  coil  types,  in  the  present  study  the  sense  of  an  evolu- 
tionary development  proceeding  on  detailed  numerical  studies  of  each  coil  type 
ha s bee n v cry  strong. 

Magnetic  Flux  Density  for  Circular  Coil 

Because  of  its  importance  as  an  element  in  several  coil  configurations, 
special  attention  i3  first  given  to  the  simple  circular  coil.  In  arrangements  in 
which  several  separate  circular  windings  (e.g.,  cube,  tetrahedron,  opposing 
hemispheres)  are  operated  at  discrete  frequencies,  it  may  be  shown  that  the 
time  averages  of  the  squared  field  intensity,  B^,  add  linearly  for  the  combina- 
tion ot  tne  separate  coils.  1 his  is  also  true  for  grad  P>^.  Thus  the  calculation 
for  single  circular  turns  were  used  later  to  construct  force  fields  for  some  of 
these  other  more  complicated  coil  configurations  which  are  composed  of  cir- 
cular coils. 

Smythe  L18,  p,  270J  gives  the  flux  density  anywhere  for  a circular  coil 
in  terms  of  an  axial  component,  B , and  a radial  component,  Br,  expressed 
as  functions  ot  complete  elliptic  integrals.  These  analytic  expressions  were 
used  to  derive  maps  of  B~  and  grad  B^  which  were  used  first  to  make  detailed 
comparisons  between  calculated  and  measured  forces  for  circular  turns  and 
secondly  to  construct  force  fields  for  arrays  consisting  of  a number  of  cir- 
cular turns,  e.g.  cube  and  tetrahedral  geometries. 

Force  Measurements  and  Calculations  tor  a 3-turn  Circular  Coil 


In  order  to 
total  body  force, 


test  the  validity  of  the  several  computational  procedures  for 
these  were  applied  to  circular  geometry  force  measurement; 
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carried  out  in  the  laboratory.  The  coil  consisted  of  three  turns  of  one -quarter 
inch  diameter  copper  tubing  5.  5 cm  in  diameter.  A 3olid  aluminum  sphere 
2.  64  cm  diameter  was  used  as  a test  body.  The  coil  was  mounted  with  its  axis 
of  symmetry  in  the  vertical  direction  and  mounted  upon  a positioning  device 
which  permitted  the  coil  to  be  raised  or  lowered.  The  solid  aluminum  sphere, 
mounted  upon  a non-conducting,  counterbalanced  arm  which  hung  from  a balance, 
was  positioned  on  the  axis  of  the  three  turn  coil.  The  distance  between  the  coil 
and  sphere  was  measured  with  the  aid  of  a telescope  170  cm  from  the  sphere. 

An  alternating  current  (frequency  ^ 100  KHz)  of  5U.  5 amp  rms  was  introduced 
into  the  coil  and  the  balance  was  used  to  measure  the  force  exerted  upon  the 
sphere.  The  accuracy  of  each  individual  force  measurement  for  this  experi- 
ment is  estimated  to  be  _+0.  001  gram  or  +1  dyne.  The  forces  measured,  plotted 
in  Figure  b,  ranged  from  1 3 to  239  dynes. 

The  computer  program  which  sums  the  individual  forces  on  each  of  20 
planar  discs  into  which  the  sphere  was  conceptually  divided  yielded  -esuPls 
which  are  plotted  in  Figure  6.  We  note  that  there  is  excellent  agreement  be- 
tween the  measured  forces  and  those  calculated  on  the  basis  of  the  20  disc  eddy 
current  ring  model  over  most  of  the  range  but  that  there  is  a noticeable  dis- 
crepancy as  the  sphere  approaches  close  to  the  coil  plane.  These  differences 
are  attributed  to  dimensional  uncertainties  arising  from  the  representation  of 
the  current  flowing  in  the  three  windings  of  the  coil  by  a single  filamentary 
winding  in  the  computational  model.  It  should  lie  noted,  however,  that  the 
region  of  good  agreement  between  the  theory  and  measurements  is  just  that 
region  which  will  be  considered  as  the  confinement  region  for  specimens  in 
practical  coil  systems.  Other  computations  discussed  below  take  explicit 
account  of  individual  turns  in  multiple  turn  windings. 

Since  it  is  expected  from  the  simple  force  model  that  the  force  will  be 
proportional  to  a ^G(x)grad  B^,  it  is  of  interest  to  compute  the  ratio  F/a^G(x) 
grad  B4-  from  the  measured  values  of  F and  to  compare  to  fhe  ratio  0.25  pre  - 
dieted  by  the  simple  force  model.  The  values  of  this  ratio  using  the  measured 
force  values  given  in  Figure  6 and  the  conveniently  availaDle  calculated  values 
of  B4-  are  shown  as  the  hexagonal  points  in  Figure  7.  Here  the  values  of  B i>w  are 
taken  corresponding  to  tne  central  position  of  the  spherical  specimen  volume. 

The  ratio  approaches  a constant  of  about  0.28  using  this  procedure. 

The  procedure  used  for  most  of  the  coil  comparisons  carried  out  during 
the  study  was  next  tested.  This  consists  of  averaging  the  values  over  the 
spherical  specimen  volume  before  calculating  grad  B . This  procedure  yields 
the  points  shown  as  triangJes  in  Figure  7.  We  see  that  the  ratio  is  quite 
accurately  0.  25  if  we  avoid  positions  too  close  to  the  coil  winding.  It  may  be 
concluded  that  the  use  :>f  the  simple  formula  F = 0.25  a ~*G(x)gradB^,  where 
is  evaluated  as  an  average  over  specimen  volume,  is  to  be  preferred  over  the 
use  of  the  simple  formula  without  averaging.  In  fact,  for  this  particular  case, 
the  averaging  procedure  yields  results  equally  as  good  as  the  20  disc  model. 
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Force  Calculations  for  Cube  ana  Tetrahedron  Arrangements  of  Circular  Coil3 


If  it  is  assumed  that  there  are  no  large  effects  due  to  mutual  inductances 
among  the  several  coils  in  an  array  of  circular  coils,  the  single  coil  data 
can  be  used  to  calculate  the  grad(B/NI)^  at  any  location  within  such  an  array. 
This  has  been  done  for  certain  directions  for  four  such  systems;  two  are  the 
cube  and  tetrahedron  systems  studied  previously  in  this  laboratory  in  which  the 
radius  of  the  spherical  volume  enclosed  by  the  coils  is  equal  to  twice  the  radius 
of  each  coil;  the  other  two  are  the  cube  and  tetrahedron  systems  in  which  the 
radius  of  the  spherical  volume  enclosed  by  the  coils  is  equal  to  one-half  the 
radius  of  each  coil.  The  latter  arrangement  will  be  referred  to  as  an  "overlap*1 
configuration  due  to  the  fact  that  windings  of  the  coils  must  cross  windings  of 
other  coils  in  the  configuration. 


The  reason  for  the  sharp  division  in  values  of  the  parameter  which  is  the 

ratio, 


spherical  volume  radius 
coil  radius 


into  ranges  near  two  or  one-half  is  the  desire  to  avoid  values  of  this  parameter 
near  unity.  A coil  radius  nearly  equal  to  the  radius  of  the  sphere  on  which  the 
coiis  are  circumscribed  would  lead  to  very  large  mutual  inductances  between 
coil  pairs.  Laboratory  studies  had  previously  indicated  engineering  complica- 
tions in  operation  of  such  a highly  inductively  coupled  system.  Experiments 
had  indicated  that  the  mutual  inductance  effects  were  tractable  when  the  coil 
radius  did  not  greatly  exceed  1/2  the  radius  of  the  sphere  to  which  the  coil 
planes  are  tangent.  Since  it  is  known  that  these  mutual  inductances  would  also 
be  small  if  the  coils  are  large  enough  so  as  to  cross  nearly  at  right  angles,  this 
latter  configuration,  known  as  the  "overlap"  configuration  was  also  studied.  As 
reported  in  detail  in  ref,  (i),  however,  the  overlap  configurations  must  be  reject- 
ed on  the  grounds  of  unsuitability  of  the  force  fields  which  they  produce. 


The  component  of  the  total  force  directed  inward  along  three  axes  <^f 
symmetry  was  calculated  for  each  of  these  systems  by  computing  grad  B and 
its  direction  by  superposing  results  from  the  several  single  coils  along  appro- 
priate axes. 

These  three  axes  are  listed  below. 

1.  Axis  of  a single  circular  coil 

2.  Axis  of  symmetry  between  two  adjacent  coils  (angle  for  cube  is  45°; 
for  tetrahedron  54.  8°) 

3.  Axis  of  symmetry  among  three  adjacent  coils  (angle  for  cube  is  54.7°; 
fnr  tetrahedron  70.8°). 

These  d^t/.  are  plotted  for  an  e m.  los*- d spherical  volume  of  diameter  5.  0 cm  ir 

Figure  8 :or  the  cubical  coil  arrangement  with  coil  radius  equal  to  one -half  of 
tne  enclosed  sphere  radius.  Because  of  the  existence  of  gradients  within  the 


\ 
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specimen  volume,  these  calculated  values  of  force  for  a conducting  sphere  of 
any  appreciable  size  (such  as  a 1 cm  diameter  sphere  in  a 5 cm  diameter  vol- 
ume) are  expected  to  be  somewhat  smaller  than  the  actual  forces. 

Other  calculations  were  done  for  circular  coils  in  a tetrahedral  arrange- 
ment and  for  a cubical  arrangement  of  the  overlap  variety.  The  resulting  values 
of  grad  Bc  were  less  favorable  for  these  other  arrangements  and  so  are  not 
shown  here . 

Field  and  Force  Computations  for  Opposing  Hemispherical  Coils 

The  earliest  work  to  develop  simplified  position  control  servo  damping 
for  specimen  oscillations  by  means  of  electromagnetic  position  sensing  was 
carried  out  in  this  laboratory  in  late  1972  utilizing  a single  hemispherical  coil 
with  vertical  axis.  This  type  of  coil,  or  variations  thereof,  had  previously  been 
studied  for  terrestrial  levitation  work  in  which  the  axial  field  gradient  is  made 
large  compared  to  the  radial  gradient  in  order  to  maximize  levitation  forces. 

This  type  of  coil  is  known  to  have  relatively  high  efficiency  for  RF  induction 
heating  which  can  be  increased  when  utilized  with  the  position  stabilizing  servo 
which  allows  much  tighter  coupling  to  the  specimen  through  minimization  of 
coil  size* 

We  give  here  a summary  of  results  of  computations  carried  out  to  adapt  an 
opposing  pair  of  such  coils  to  the  zero  gravity  environment.  The  second  oppos- 
ing coil  substitutes  for  the  role  of  gravity  in  the  simplest  terrestrial  arrange- 
ment in  that  it  returns  a specimen  to  the  first  coil  as  the  specimen  drifts  away 
from  the  first  coil  and  vice  versa.  A number  of  variations  of  coil  spacings  and 
windings  were  analyzed  to  find  that  configuration  giving  nearly  equal  square  field 
gradients  (grad  3^)  in  the  three  orthogonal  directions.  In  Figure  9 the  results 
of  calculation  of  (H/I)^  (-(B/I)2  in  gauss  units)  vs.  distance  from  the  center  of 
such  a pair  of  coils  is  shown.  It  was  assumed  in  this  calculation  that  each  coil 
of  each  pair  is  as  described  in  the  sketch  of  a single  coil  above  the  graph  and 
that  each  coil  of  each  pair  has  the  same  amount  of  current  flowing  through  it 
but  at  different  frequencies  so  the  force  fields  due  to  the  two  coils  in  each  pair 
may  be  considered  to  be  independent  of  one  another.  This  situation  is  one  which 
would  be  found  in  a cup  coil  pair  when  the  pair  is  inductively  heating  a specimen, 
while  also  containing  the  specimen  assuming  no  benefit  of  any  position  sensing 
system  and  control  loop.  The  force  at  a point  may  be  obtained  by  taking  the  slope 
of  the  plotted  curves.  The  cup  coil  pair  labelled  "D"  was  the  system  chosen  for 
use  in  the  preliminary  coil  comparison  based  upon  point  values  of  H. 

Magnetic  Flux  Density  Calculation  for  Several  Baseball  Coils 

The  term  ’’baseball  coil”  in  this  report  is  used  to  describe  a coil  wound 
on  the  surface  of  a sphere,  much  like  the  seam  of  a baseball,  in  such  a manner 
that  the  coil  results  in  four  arcs  or  segments  of  a plane  circle,  each  arc  joined 
to  two  others  at  its  ends.  A sketch  of  such  a coil  is  given  m Figure  10.  Other 
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configurations  are  possible  where  the  winding  does  not  consist  of  such  planar 
segments,  However,  it  is  found  that  by  considering  the  coil  family  consisting 
of  four  such  contiguous  planar  sections  where  only  the  angles  of  the  planes 
with  respect  to  one  another  are  varied  over  a large  range,  configurations  can 
be  found  which  give  nearly  symmetrical  field  gradients  in  the  central  region. 

In  Figure  11,  the  several  baseball  coils  are  identified  by  the  parameter 
"sM  which  is  the  closest  spacing  between  two  portions  of  the  coil  in  the  x-y  or 
x-z  planes,  defined  in  that  figure*  The  parameter  s is  given  in  increments  of 
0.  50  cm  except  in  two  cases.  Instead  of  3.  50,  a value  of  3.  54  was  selected  to 
give  a coil  in  which  the  plane  arcs  on  opposite  sides  of  the  x-axis  are  parallel 
to  one  another,  i.e.  the  coil  is  then  somewhat  like  an  "Alice'’  coil,  and  a value 
o2  2 . 15  cm  is  given  because  this  is  the  value  of  s for  the  coil  used  in  force 
measurements  in  the  laboratory. 

We  note  that  s = 2.  5 represents  an  optimum  with  respect  to  yielding 
approximate  symmetry  to  the  height  of  the  "potential  barrier"  in  orthogonal 
directions. 

Optimization  of  Cusp  Coil 

A number  of  computations  were  carried  out  for  flux  densities  and  gradients 
of  B (or  equivalently  H^)  for  cusp  coils  over  a range  of  ratios  of  coil  diameter 
to  coil  plane  separation.  The  sketch 
shows  the  coil  configuration  and  nomen- 
clature for  the  separation  s of  the  two 
coil  planes.  Figure  12  shows  the  values 
of  grad  B^  when  the  squared  field  is 
averaged  over  the  specimen  volume  to 
compute  grad  B^.  It  is  seen  thc-t  a coil 
separation  of  2.  6 cm  gives  approx- 
imate symmetry  in  the  radial  and  axial 
forces  for  small  specimens  for  displace- 
ments as  great  as  0.  75  err.  from  the 
ce  nte  r. 

Forces  From  Cusp  Coil 

Some  forces  were  measured  in  the  laboratory  in  order  to  confirm  the  mag- 
nitude of  the  computed  forces,  since  in  the  case  of  cusp  coil  near  the  central 
position  where  the  field  vanishes,  the  difference  obtained  in  computations  with 
or  without  field  averaging  over  specimen  volume  should  be  especially  important. 
The  coil  configuration  for  the  laboratory  test  set-up  is  shown  in  the  sketch  on 
Figure  13-  The  two  turn  cusp  coil  had  a 2.  0 cm  mean  radius  with  a 2.  7 cm 
spacing  between  coils.  The  calculations  took  actual  account  of  the  two  separate 
but  closely  spaced  windings  on  each  coil  and  also  computed  grad  B^  averaged 
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over  the  spheric.il  specimen  volume  at  each  point.  Since  a computer  program 
was  available  which  averaged  B4"  values  over  a 2.  0 cm  diameter  sphere  whereas 
the  experiment  utilized  a 2.5  cm  diameter  aluminum  sphere,  scaling  of  the 
theoretical  computation  were  made  before  plotting  as  the  solid  curves  in  Figure 
13.  Scaling  will  be  discussed  below.  Al9o  shown  as  the  dashed  line  are  the 
axial  forces  measured  with  the  balance  arrangement  described  previously. 

Comparison  of  Several  Coil  Types  When  Used  With  Small  Specimens 

Coil  Types  and  Assumptions 

The  coil  comparisons  of  Reference  [l]  are  all  made  corresponding  to  a 
configuration  for  which  the  coils  are  wound  upon  a 5 cm  diameter  volume  within 
which  the  specimen  is  free  to  move.  The  scaling  laws  for  B^'  and  grad  which 
show  that  the  comparisons  given  below  will  be  valid  when  comparing  any  two 
systems  of  the  same  dimensions  will  be  discussed  later. 

The  types  of  coils  considered  in  detail  were  6-coil  cube,  baseball,  cup 
coil  pair,  and  cusp  coil.  The  same  relatively  small  spherical  specimen  is 
assumed  to  be  present  in  each  coil.  The  assumptions  in  the  comparisons  are 
listed  below. 

A simple  sketch  of  each  type  of  coil,  of  the  dimensions  assumed  in  this 
comparison,  is  given  in  Figures  14  through  17,  The  configurations  given  here 
have  been  optimized  based  upon  computations  described  previous;  y. 

Numbers  illustrating  the  relative  resistance  of  each  coil  type  are  developed 
in  Table  1 in  which  it  is  assumed  that  the  skin  depth  in  the  copper  tubing  of  which 
the  coils  are  made  is  considerably  smaller  than  the  radius  of  the  tubing.  Hence 
the  relative  pove  r dissipation  P is  proportional  to  the  total  length  of  tubing 
through  whu  h current  passes  and  inversely  proportional  to  the  diameter  ot  the 
tubing.  In  magnetic  field  and  winding  length  calculations  the  current  is  assumed 
to  lie  on  a filament  on  tne  tubing*  s axis.  Computations  given  later  take  account 
of  skin  depth  and  proximity  effect  for  the  multiple  turn  coils  finally  selected. 

Table  1.  Relative  Resistances  of  Coils 


Coil 

No.  of 

Length 

Dia.  of 

Relative 

Ty  pe 

Coils  Fxcited,  n 

o i C o i 1 , x 

Tubing*,  d 

Power,  P** 

Cube 

1 

7.  9 cm 

1 . 1 cm 

7.2 

3 

23.  7 

21.6 

6 

47. 4 

42.2 

Baseball 

24.  9 

0.  9 

27.  7 

Cup  Coil  Pair 

1 

92 

0.  6 

153 

2 

184 

30b 

Cusp  Coil 

26.4 

1.  1 

24.  0 

♦ Maximum  size  consistent  with  the  volume  which  is  available 
♦♦Per  unit  current 
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Containment  Ability  per  Unit  Power 


rZ  t r2 


The  value  of  H^/I^  at  the  center  of  each  coil  and  the  maximum  value  of 


H“/I  on  the  surface  at  which  the  force  exerted  upon  the  spherical  specimen  is 
zero  are  given  in  Table  2 as  well  as  the  difference  A(H/I)^  between  these  two 
values.  This  difference  is  proportional  to  the  depth  of  the  potential  well  (from 
the  fact  that  force  is  proportional  to  grad  H^)  which  contains  the  specimen,  and 
in  the  case  of  coil  types  containing  more  than  1 single -frequency  coil,  e.  g.  cube 
and  cup  coil  pair,  this  assumes  suitable  position  sensing  and  switching  of  power 
to  the  proper  coil(s).  The  last  column  in  Table  2 gives  the  ratio  of  the  differ- 
ences to  the  corresponding  figures  from  Table  1 to  yield  numbers  proportional 
to  the  depth  of  the  potential  well  per  unit  power  dissipated  in  the  coil.  Note  that 
no  dimensions  are  given  here  since  the  absolute  resistivity  of  the  coil  has  been 
omitted  for  s implic ity. 


Coil 

Type 

Table  2. 

No.  o f 
Coils 

Excited,  n 

Ability  to  Contain  a Specimen 

H2/I2  (H2/I2)min 

at  on  F =0 

Center  Surface 

M 

/ 

dm 

Vi  //  i 

Cube 

3 

0.  006 

0.  018 

0.  012 

5 x 10"4 

Baseball 

0.  008 

0.  051 

0.  C43 

16  x 10'4 

Cup  Coil  Pair 

2 

1.3 

1.  9 

0.  6 

20  x 10-4 

Cusp  Coil 

o 

• 

o 

0.  050 

0.  05 

21  x 10~4 

Positioning  Ability  per  Unit  Power 

The  maximum  force  per  unit  power  dissipated  in  the  coil  is  evaluated  in 
Table  3 by  starting  with  the  maximum  average  gradient  in  H^/I^  between  the 
center  of  the  coil  and  a distance  0.  5 cm  from  the  center  and  then  again  dividing 
by  the  corresponding  relative  resistance. 


Table  3.  Ability  to  Resist  an  External  Force  Along  Strongest  Axis 


Coi) 
T y >e 

No.  of  Coils 
Excjted,  n 

Maximum 
Gradient 
Near  Center 

Max.  Grad/ 

Cube 

1 

0.  012 

X 

o 

1 

Baseball 

0.  03 

11  x 10'"3 

Cup  Coil  Pair 

1 

0.  59 

38  x 10~4 

Cusp  Coil 

0.  04 

17  x 10‘4 

P_ 

2 


If  the  Table  2 value  for  the  heating  efficiency  of  the  cusp  coil  be  expected  as 
an  anomaly  to  be  trtated  later,  all  of  the  systems  considered  receive  appreciable 
scores  in  all  areas.  The  cup  coil  pair  receives  the  highest  score  when  all 
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column-4  ,iri‘  c on  s idc  r<‘  d , \\  hrn  ,u  ctumt  is  taken  of  the  anomalous  situation  of 

tin*  cusp  coil  as  regards  tins  simple  comparison  it  appears  that  a)l  ot  the  above 
tour  systems  are  capable  ot  adequate  performance. 

In  conclusion  it  may  be  said  that  the  studios  of  magnetic  field  configura- 
tions summarized  here  have  served  to  optimise  each  coil  configuration  type 
but  do  noc  serve  to  make  the  final  recommended  choice,  other  than  the  rejection 
of  a few  coil  typos.  The  final  choice  rests  upon  overall  engineering  considera- 
tions, including  accessibility,  efficiency  for  RF  heating,  suitability  for  use  with 
simple  electromagnetic  position  sc  nsing(which  is  closely  related  to  induction 
heating  efticiency)  and  suitability  for  use  in  conjunction  with  electron  beam 
heating. Those  require  more  detailed  conside  rations. 

In  the  facility  capability  studies  given  later  it  is  seen  that  the  primary 
limit  fo  the  capabilities  of  the  Containerless  Processing  Facility  will  bo  the 
total  power  availability . The  main  power  requirement  is  for  furnishing  surface 
radiation  loss  for  the  highest  melting  specimens  such  as  tungsten.  Since  electron 
beam  healing  should  bo  considered  for  many  specimens  for  which  it  can  yield  a 
higher  efficiency  than  RF  heating.  I he  ability  of  the  facility  tv')  maintain  the  spec- 
imen accurately  in  the  focus  of  an  electron  beam  when  subject  to  forces  due  to 
electron.  o*“  ion  bombardment  and  differential  out  gas  sing  is  important.  For  RF 
heating  efficiency,  it  is  necessary  to  cons itler  specimen  volume  imld  averaging 
and  to  place  great  reliance  on  laboratory  measurements  because  of  the  importance 
of  this  parameter. 

Overall  Facility  Kngineering  Cons  ide  rations 


The  optimization  of  the  various  coil  and  field  configurations  with  each  coil 
type  and  the  elimination  of  a few  of  the  candidate  types  was  made  possible  by  the 
field  and  fie  hi  gradient  con  side  rations  given  previously.  Amongst  the  remain- 
ing candidates,  namely  the  t>-coil,  baseball,  opposing  hemisphere  (or  cup  pan) 
and  cusp  configurations,  some  overall  considerations  of  facility  engineering  and 
complexity  may  be  applied.  We  may  consider  the  finalists  in  more  detail  with 
regard  to  the  following  engineering  criteria. 

1.  Mechanical  accessibility  for  specimen  introduction  and  removal  in- 
cluding accessibility  for  observation  of  the  process. 

1,  Compatibility  with  the  simplest  electromagnetic  position  sensing  for 
damping  of  position  oscillations. 

3.  "Stiffness"  of  control  near  the  central  position  or  the  ability  to  main- 
tain the  specimen  in  t’  e focus  of  an  electron  noam  when  subject  to  the 
attendant  thrusts. 

4.  Kngineering  complexity  due  to  cross  coupling  of  multi-coil  systems. 
Especially  important  because  of  the  requirement  (to  be  shown  later) 
for  operation  over  a wide  frequency  range. 
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Specimen  Accessibility  within  Coil  Configuration 

Figure  17  shows  that  the  cup  coil  pair  receives  a low  score  in  this  area 
unless  the  opposing  coils  would  be  made  mechanically  movable  with  respect  to 
one  another.  The  cubic  arrangement  also  gives  relatively  poor  accessibility 
for  specimen  introduction  or  ejection  when  large  specimens  are  considered. 
Scaling  up  the  size  of  the  coil  for  a given  specimen  size  would  increase  access- 
ibility but  would  also  cause  a large  decrease  in  RF  heating  efficiency  and  achiev- 
able force  per  unit  power  so  that  it  is  necessary  to  consider  the  comparison  be- 
tween coils  on  the  basis  of  equal  relative  scaling  of  specimen  and  coil  dimensions. 

Compatibility  with  Elec tromagnetic  Position  Sensing 

Detailed  analysis  has  shown  that  the  6-coil  system  is  not  adaptable  to 
electromagnetic  position  sensing  unless  considerable  electronic  development 
were  to  be  carried  out.  This  is  due  to  the  large  number  of  mutual  inductances 
amongst  coils.  Detailed  measurements  also  showed  that  the  signal  sensitivity 
for  electromagnetic  position  sensing  with  opposing  hemispherical  coils  is  quite 
low. 


Although  work  has  been  done  to  develop  an  electro- optical  position  sensing 
system  for  use  with  the  6-coil  arrangement,  this  system  is  much  more  complex 
than  the  corresponding  electromagnetic  position  sensing  scheme  later  developed 
in  this  laboratory.  The  latter  is  expected  to  be  much  le3S  subject  to  influence 
of  metallic  vapor  deposits,  etc.  than  would  electro-optical  sensors  even  when 
such  sensors  are  protected  by  mirror  optics  and  baffles.  The  recent  develop- 
ment of  this  servo  control  system  which  can  damp  specimen  oscillations  by 
detection  of  changes  in  RF  loading  upon  the  coil  system  can  be  regarded  as  a 
development  whmh  has  superseded  the  earliest  development  of  three  dimensional 
position  control  and  damping.  This  servo  system  is  adaptable  to  the  other  final 
system  candidates,  e.g.  baseball  and  cusp. 

,?Stiffne  ss  ■*  of  Control  Near  Central  Position 


Since,  for  some  low  resistivity  specimens,  electron  beam  heating  and 
melting  may  be  more  efficient  as  regards  total  required  power,  than  eddy 
current  heating,  the  suitability  of  the  position  control  system  to  maintain  the 
specimen  accurately  at  the  focal  point  of  an  electron  beam  will  be  important. 
For  this  reason  the  following  computations  were  made  of  the  distance  through 
which  a Z.  0 cm  diameter  sphere  with  large  x-parameter  (ratio  of  radius  to  skin 
depth)  will  be  pushed  by  a constant  external  force,  such  as  might  be  caused  by 
an  electron  beam,  while  suspended  in  a coil  system  in  a weightless  environ- 
ment. Three  difterent  coil  systems  were  assumed,  all  circumscribed  on  a 
5 cm  diameter  sphere.  Because  of  the  low  sensitivity  of  electromagnetic 
position  sensing  mentioned  for  the  opposing  hemispherical  coils  it  was  known 
that  the  ’’stiffness”  of  this  system  would  be  low  and  hence  was  not  evaluated. 
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By  assuming  several  amounts  of  power  absorbed  by  a facility  containing 
such  coils,  as  listed  in  Table  4,  a displacement  from  the  center  of  the  coil  may 
be  found  at  which  the  force  generated  is  equal  and  opposite  to  the  external  forces 
given. 

Table  4,  Coil  Stiffness 

, _ Displacement  from  Center 

Total  Power  — 


to  Facility 

for  F = 

5 dynes 

1 0 dynes 

50  dynes 

Baseball 

1000  watts 

0.1  cm 

0.  2 cm 

0.  4 cm 

Coil 

500 

0.2 

0.  3 

0.  5 

250 

0.3 

0.  4 

0.  8 

100 

0.4 

0.5 

1.  1 

50 

0.5 

0.  8 

* 

Cusp  Coil 

1000 

0.  0005 

0.  001 

0.  005 

500 

0. 0009 

0.  002 

0.  009 

250 

0.  002 

0.  003 

0.  02 

100 

0.  005 

0.  01 

0.  05 

50 

0.  009 

0.  02 

0.  09 

Six-Coil 

1000 

0.  01 

0.  02 

0.  08 

Cube 

500 

0.  02 

o 

• 

o 

0.  12 

250 

0.  04 

0.  07 

0.  23 

100 

0.  09 

0.  15 

0,  42 

50 

0.  15 

0.  24 

0.  58 

*Coil  unable  to  contain  sphere. 

Comparison  ot  '-lie  data  of  Table  4 shows  that  the  ''s tiffne s s " >f  the  par- 
ticular cusp  coil  studied  exceeds  by  about  an  order  of  magnitude  the  stiffness  of 
even  the  6-coil  cube  system  in  which  unequal  excitation  of  opposing  coils  is 
employed.  The  particular  cusp  coil  selected  for  study  here  is  one  which  has 
somewhat  more  axial  stiffness  than  the  configuration  giving  equal  axial  and 
radial  gradients  referred  to  previously.  It  is  believed  that  such  a choice  would 
be  appropriate  when  high  powered  electron  beams  are  employed  in  order  to 
minimize  displacement  of  the  specimen  being  heated.  Thus  the  cusp  appears  to 
be  a logical  choice  to  be  made  for  those  situations  in  which  electron  beam  heating 
is  employed  at  high  powers  and  rather  rigid  control  of  specimen  position  is 
re  quired. 

Computations  of  Induction  Heating  Efficiency 

From  the  detailed  results  which  are  available  for  magnetic  field  distribu- 
tions and  coil  losses  including  proximity  effect,  it  is  possible  to  compute  the 
fraction  of  total  coil  power  which  is  transferred  to  the  specimen.  These  evalua- 
tions are  important  not  only  to  estimate  total  power  requirements  for  heating 
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and  melting  various  specimens  but  also  are  important  in  determining  feasibility 
for  electromagnetic  position  sensing  which  depends  upon  appreciable  changes 
in  specimen  power  absorption  as  the  specimen  position  changes.  Figure  18 
shows  results  of  computations  for  a specific  baseball  winding  at  several  fre- 
quencies as  a function  of  specimen  resistivity.  It  is  seen  that  the  heating 
efficiency  increases  with  specimen  resistivity  up  to  a maximum  value  which  de  ' 
pends  upon  the  operating  frequency.  In  the  limit  of  very  high  facility  frequencies 
the  heating  efficiency  increases  continuously  with  specimen  resistivity  until  an 
asymptote  is  reached. 

Computations  and  measurements  were  made  for  heating  efficiency  of  a 
5.  C cm  diameter  baseball  winding,  versus  frequency,  with  2.  50  cm  diameter 
specimens  of  resistivities  corresponding  to  those  of  aluminum  and  s*eel.  These 
results  are  shown  in  Figure  19  as  the  solid  curves.  Figure  20  gives  corre- 
sponding c alculational  data  for  a cusp  coil  of  dimensions  as  illustrated  in  that 
figure.  The  equation  P = 3ffF{x)apH2  (MKS)  was  used  for  values  of  frequency 
ranging  from  1 KHz  to  300  KHz  and  resistivity  values  of  4 x 10“^  ohm/cm  and 
74  x 10*^  ohm/cm.  The  latter  were  chosen  to  represent  the  electrical  resis- 
tivity of  the  aluminum  and  steel  spheres  used  in  experimental  measurements 
about  to  be  described.  The  heating  efficiencies  were  obtained  by  dividing  the 
computed  power  dissipated  in  the  specimen  by  the  sun;  of  that  power  and  the 
power  dissipated  in  the  coil.  An  average  value  of  H ^ over  the  regions  con- 
cerned was  estimated  from  computer  calculations  of  H2  for  several  points  in, 
or  near,  those  regions. 

Recommended  Coil  Configurations  for  Early  Space  Laboratory  Electromagnetic 
Containerless  Processing  Facility 

The  two  systems  which  appear  from  an  overall  engineering  point  of  view 
the  best  based  on  all  of  the  above  considerations  appear  to  be  the  baseball  and 
cusp  arrangements.  RF  heating  efficiency  measurements  for  relatively  large 
specimens  do  not  serve  to  markedly  distinguish  between  these  two  types  of  coil. 

For  specimens  whose  size  is  small  compared  to  the  coil  dimensions,  however, 
the  baseball  heating  efficiency  will  obviously  be  greater  than  that  for  the  cusp 
coil  because  of  the  field  null  at  the  center  of  the  latter.  However,  the  cusp 
coil  shows  a much  greater  "stiffness"  to  maintain  the  specimen  accurately  at 
an  electron  beam  focus  than  the  baseball.  Since,  as  will  appear  in  the  sequel 
below,  both  types  of  specimen  heating  and  melting  should  be  considered  in  a 
facility  having  the  widest  capability  for  processing  materials  of  various  melting 
temperatures,  it  is  recommended  that  the  facility  for  Space  l^ab  be  designed  to 
accoir,  nodate  either  type  of  coil  interchangeably.  For  maximum  power  efficiency 
for  both  positioning  or  for  induction  heating,  when  the  latter  is  used,  exchangeable 
modular  coils  of  sizes  commensurate  with  the  specimen  size  being  processed 
should  be  considered,  just  as  in  the  case  of  terrestrial  levitation  work.  For  the 
higher  melting  temperature  specimens,  conservation  of  total  facility  power  will 
not  allow  the  low  efficiencies  customary  in  terrestrial  work  when  a coil  size 
far  from  optimum  is  employed.  The  consideration  of  two  types  of  coil  configuration 
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is  compatible  with  the  consideration  of  an  interchangeable  set  of  coils  of 
various  siz^s.  In  the  following,  facility  capabilities  for  handling  the  various 
materials  and  processes  considered  above  are  delineated.  Both  electior  beam 
heating  and  induction  heating  are  considered. 

SPACE  LABORATORY  FACILITY  CAPABILITIES  AS  FUNCTION  , 

OF  AVAILABLE  POWER 

This  section  summarizes  the  results  of  calculations  performed  to  indicate 
the  largest  sizes  of  specimens,  for  fixed  total  power,  which  may  be  suspended 
in  a cusp  coil  facility  and  melted  either  by  electromagnetic  induction  or  by  some 
other  source  of  heat,  such  as  an  electron  beam.  Because  of  the  similarity  of 
efficiency  of  the  baseball  for  RF  heating  for  larger  specimens,  which  repre- 
sents the  main  factor  determining  required  facility  power,  these  capability 
estimates  can  also  be  taken  as  typical  of  a baseball  facility.  These  calculations 
have  been  performed  from  the  coastueration  of  power  dissipated  at  or  near  the 
specimen*  s melting  point,  do  not  account  for  limitations  in  the  dissipation  and 
removal  of  large  amounts  of  heat  in  very  small  coils  and  have  been  based  upon 
lavorr*ory  data  for  which  forces  acting  upon  and  power  dissipated  in  actual 
specimens  were  measured.  These  laboratory  data  permit  calculation  of  con- 
stants relating  magnetic  field  strength  and  gradient  averages  to  coil  current, 
actually  geometrical  relationships,  which  were  then  used  to  calculate  the  behavior 
of  the  coil-specimen  system  for  a range  of  specimen  resistivities,  sizes,  and 
optimum  frequencies. 

The  force  measuring  apparatus  described  previously  and  lab  measure- 
ments of  heating  efficiency  were  used  to  obtain  data  for  this  section.  The 
characteristics  of  the  aluminum  sphere  and  of  the  copper  cusp  coil  were  as 
follows 


aluminum 

diameter 

resistivity 


sphere 


= 2. 54  c 

= 4x10 


38 


cm 


copper  cusp  coil 

diameter  (spherical)  = 

5.  0 cm 

spacing  between  loops  = 

2.  7 cm 

number  of  turns  = 

2 

diameter  of  conductor,  d = 

0.  64  cm 

length  of  conductor,  i = 

53  cm 

coil  proximity  factor  = 

1.2 

With  a frequency  of  approximately  100  KHz  for  both  force  and  heating  efficiency 
measurements  and  a current  of  67  amperes  rms  for  the  force  measurements, 
the  following  were  measured:  Force:  100  dynes,  0.5  cm  from  center  of  coil, 

both  on  axis  and  on  central  plane.  Heating  efficiency:  10%,  at  center  of  coil. 

Using  the  equations 

F = \ a3  G(x)  grad^)2  I2  CGS  (1) 
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P = 3ffF(x)  a pf^2  I2  MKS 

specimen  \I/ 

values  of  the  desired  constants  were  obtained,  viz. 

(H\2  2 2 

— J , (0.5  cm  from  coil  center)  = 0.49  Oersteds  /amp  cm 

(H\2  2 2 

— J , (at  coil  center)  = 0.28  oersteds  /amp 

Selection  of  Optimum  Frequencies 


(2) 


The  efficiency  of  heating  an  electrically  conducting  sphere  rises  contin- 
uously with  increasing  frequency  but  the  rate  of  increase  is  relatively  slow  for 
values  of  x greater  than  3 and  has  virtually  attained  its  asymptotic  value  for 
values  of  x great? l than  20.  The  force  exerted  upon  such  a sphere  per  unit 
power  is  at  a maximum  at  a value  of  x of  about  3.  It  decreases  rapidly  for 
values  lees  than  3 and  less  rapidly  for  values  greater  than  3.  Thus,  in  gen- 
eral, it  is  desirable  to  operate  a free  suspension  system  with  values  of  x 
greate.  than  3,  and  no  great  disadvantage  is  incurred  when  operating  at  values 
of  x not  greatly  in  excess  of  20. 


Because  the  cusp  coil  used  in  the  laboratory  was  operated  with  no  diffi- 
culty at  400  KHz,  because  a value  of  x of  3 or  greater  is  attained  with  400  KHz 
for  resistivities  less  than  3 x 10"^  ohm-cm  and  because  the  force  per  unit 

a 

power  changes  little  with  resistivities  less  than  3 x 10~J  ohm-cm  at  400  KHz, 
400  KHz  was  chosen  to  be  the  nominal  operating  frequency  corresponding  to  the 
laboratory  size  coil  in  the  calculations  for  10~^and  10*^  ohm-cm.  For  calcu- 
lations at  10  ohm-cm  a frequency  of  15  MHz  was  selected  because  x = 3 with 
this  combination.  For  1 ohm-cm, the  same  frequency,  15  MHz,  was  used 
despite  a resulting  value  of  x of  1,  because  it  is  at  frequencies  greater  than 
15  MHz  that  losses  in  the  auxiliary  circuits  are  expected  to  become  noticeable 
by  decreasing  the  efficiency  of  conveying  power  into  the  coil. 

Extension  to  Coils  of  Different  Sizes 


In  the  following,  the  power  required  by  a cusp  coil  to  position  and  to 
melt  specimens  of  varying  properties  is  calculated  for  the  5.  0 cm  dia.  coil 
described  above  and  for  a 2.  5 cm  dia.  specimen.  Then,  to  determine  the 
maximum  size  the  specimens  may  have,  for  a particular  limiting  value  of 
available  power,  it  is  necessary  to  examine  how  the  power  absorbed  by  the 
coil  and  the  power  absorbed  by  the  specimen  vary  with  the  size  of  the  specimen 
and  coil.  This  section  establishes  the  basis  for  the  "scaling"  of  the  power  as 
the  physical  dimensions  of  the  system  are  "scaled.  " 

Let  a scale  factor  K be  defined  by  K = a/  1. 25  cm  where  a is  the  specimen 
radius  so  that  any  specimen  of  radius  a is  K times  greater  than  the  sphere  used 
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in  the  laboratory.  Alaop  let  all  physical  dimensions  of  the  coil  have  the  same 
scale  factor  relationship  with  the  corresponding  dimension  used  in  the  labora- 
tory. Because  the  magnetic  field  intensity  in  the  central  region  created  by 
current  flowing  in  a coil  is  inversely  proportional  to  the  size  of  the  coil,  for 
constant  current,  it  may  be  seen  that  (H/I)2  is  proportional  to  K“2  and 
grad  (H/l)2  is  proportional  to  K~3. 

Once  ,the  operating  frequency  has  been  selected  for  the  5.  0 cm  dia.  coil 
the  resulting  value  of  x must  be  maintained  near  optimum  with  scaling  of  the 
coil.  This  means  that  the  frequency  is  a function  of  K.  The  ratio  of  sphere 
radius  to  skin  depth  is  x,  the  sphere  radius  is  proportional  to  K and  the  skin 
depth  is  proportional  to  the  reciprocal  of  the  square  root  of  frequency.  Thus 
if  x is  to  be  kept  constant,  the  frequency  must  be  proportional  to 


The  resistance  of  the  coil  is 

R 


^coil  ^coil 


coil  ~tt6  .,(d-6  ..) 

coil  coil 


(3) 


If  d»5cojj,  as  is  true  in  all  of  the  calculations  in  this  section,  the  resistance 
is  proportional  to  f/6d  which  is  proportional  to  K\/i/K  =V/JL  which  is  pro- 
portional to  Thus  R rn£  is  proportional  to  when  x is  kept  constant. 

In  summary,  (H/I)^  is  proportional  to  K"^,  grad(H/I)^  is  proportional 
to  K~P,  f is  proportional  to  Rcoq  i3  proportional  to  K~*.  The  application 

of  these  relationships  is  in  the  scaling  of  several  equations  used  in  the  following. 


Induction  Heating 


The  power,  PSpec»  required  tc  melt  and  superheat  specimens  with 
melting  points  of  1000,  2000  and  300°C  was  assumed  to  be  1.2  times  the  p over 
required  to  maintain  the  specimen  (with  emissivity  of  0.8)  at  1000,  2000  and 
3000°C,  From  the  equation  and  Pcoii  = I^Rcon»  Power  dissipated  in  the 
coil  was  calculated  for  several  values  of  resistivity,  p,  using 


P 


coil 


P 

spec 

37TF(x)  ap 


coil 

(“)2/0.63) 


(4) 


(the  factor  0.  6 3 being  required  to  use  the  equation  for  P6  ^ with  cgs  units 
except  for  P measured  in  watts).  The  sum  of  the  total  power  consumed  by  the 
coil  and  specimen,  PCoil  + ^spec*  was  calculated  and,  assuming  efficiencies 

of  power  conversion  as  described  previously,  this  sum  was  multiplied  by  2 to 
obtain  the  total  maximum  power  required  of  such  a free  suspension  system.  The 
factor  2 assumes  50  percent  for  the  combined  efficiency  of  power  amplifier  and 
power  conditioning  equipment.  The  10  percent  heating  efficiency  already  dis- 
cussed ?.s  the  base  measurement  which  was  scaled  for  frequency  and  resistivity 
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already  included  the  transformer,  tank  circuit  and  transmission  line  losses. 

A product  of  RF  generator  and  power  conditioning  efficiency  of  50  percent  will 
be  conservative  for  low  and  intermediate  frequencies  where  solid  state  devices 
can  be  used  and  operated  directly  from  batteries.  For  the  case  of  the  smallest, 
highest  resistivity  specimens,  which  require  the  highest  frequencies,  vacuum 
tube  amplifiers  must  be  used  so  that  50  percent  would  not  be  conservative  for 
the  overall  power  amp/power  conditioner.  | 1 ! ' ! 

In  order  to  account  for  the  need  for  the  coil  to  supply  a restraining  force 
to  the  specimen  it  was  assumed  that  a force  of  the  form  F = ka^  is  required 
which  means  k □ 4/3  TTcfOf , where  a is  the  density  of  the  specimen  and  a is  the 
acceleration  of  the  specimen  resulting  from  the  application  of  the  force. 
Assuming  an  acceleration  of  1 cm  sec~^(10~3g)  and  a density  of  10  gm/cm^,  a 
value  of  40  was  selected  for  k.  Thus  F = 40  a^in  which  F is  in  dynes  if  a is  in 
cm.  This  yields  a force  of  40  dynes  for  a specimen  radius  of  1 cm,  which  is 
considered  adequate  as  discussed  in  reference  1.  We  shall  henceforth  drop 
the  density  variable  in  order  to  facilitate  an  overview  of  facility  capabilities. 
Acceleration  minimums  will  thus  be  higher  than  10~^g  for  materials  whose 
density  is  less  than  10  gm  cm^.  Provision  of  accelerations  considerably  above 
lO^g  even  for  density  10  requires  little  additional  power  for  most  cases  con- 
sidered here.  By  combining  equations  (1)  and  (3),  a value  of  minimum  allowed 
Peon  required  for  positioning  alone  may  be  calculated. 


P ..(min) 
coil 


160  R 


coil 


G(x)grad 


Whenever  the  value  of  Pco^  calculated  by  equation  (4)  fell  below  Pco^(min), 
the  vdlue  used  in  obtaining  the  total  power  required  by  the  system  was  Pco^(min) 
in  place  of  Pcoii  and  with  P3pec  increased  a proportionate  amount.  (They  are 
proportional,  one  to  the  other,  by  equation  (4). 


Calculation  of  Maximum  Radii 


The  power  radiated  by  a spherical  surface  is  proportional  to  the  square 

of  its  radius,  hence  Pgoec  is  proportional  to  By  application  of  the  scaling 

P P R .. 

. - , . , ^ . . spec  coil  , . 

relationships  discussed  above,  P is  proportional  to  /h\£ '"*IW 

Kt) 


which  is 


proportional  to 


kV1 


= K 


KK 


Thus  (P  P ) and  the  total  power  required 

coil  spec 


by  the  facility  is  proportional  to  K . 


To  calculate  the  radius  of  the  largest  meltable  specimen  at  5000  watts 
available  peak  power,  the  ratio  of  5000  watts  to  the  power  required  for  a 2.  5 
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cm  dia.  specimen  was  set  equal  to  K and  a(max)  calculated  from  1.25  K cm. 
Higher  peak  powers  of  10  and  20  kW  were  also  assumed.  Reference  1 indicates 
that  peak  powers  are  normally  required  for  times  not  exceeding  a few  minutes, 
which  makes  consideration  of  battery  furnished  peak  powers  practical.  Thus 
the  data  for  Figure  21  were  obtained. 


Electron  Ream  Heating 


The  power  radiated  by  a spherical  surface  is  proportional  to  the  square 
of  its  radius,  hence  *3  proportional  to  K . From  equation  (1) 


P is  proportional  to 

spec 

.-3  ..2 


a(H/I)  Pcoil(min) 


R 


which  is  proportional  to 


a(H/l) 


coil 


g rad (H/  I) 


5pO< 

which  is  K K “/ K K~.  Thus,  again  the  total  power  required  of  the  system 

is  proportional  to  K4*  and  the  maximum  specimen  radii  were  calculated  as  in- 
dicated above,  for  induction  heating.  The  results  of  these  calculations  are 
given  in  Figure  22. 


Discussion  of  Results 


Figures  22  and  23  should  not  be  mistaken  for  a description  of  a continuum 
of  possible  specimen  sizes  all  obtainable  with  a single  coil.  It  must  be  remem- 
bered that  these  figures  were  drawn  for  a specific,  optimized  ratio  of  specimen 
to  coil  size  for  specific  optimized  frequencies,  for  a specific  force  for  each  size 
specimen  and  for  a series  of  several  different  coil  sizes  as  identified  on  the 
ordinate  as  a series  of  specimen  sizes.  One  way  Figures  22  and  23  are  readily 
i*sed  is  by  selecting  the  size  of  specimen  to  be  processed  and  then  reading  to  the 
right  to  determine  the  maximum  melting  temperature  that  can  be  attained  for 
the  amount  of  power  which  is  available. 

In  Figure  22,  on  the  graphs  for  10  ^ and  1 ohm-cm,  it  may  be  seen  that 
each  of  the  curves  becomes  horizontal  at  its  left  end.  This  indicates  a region 
on  the  graph  for  which  the  available  power  results  in  insufficient  force  to  meet 
the  munmun  force  re  quire  ment  for  specimen  sizes  greater  than  those  indicated 
by  the  horizontal  line.  For  systems  operating  on  such  a horizontal  line,  the 
power  disc*i*ated  i:i  the  specimen,  as  a result  of  meeting  the  minimum  force 
requirement,  is  in  excess  of  the  quantity  deemed  necessary  to  heat  and  melt 
specimens.  If  operation  on  a horizontal  line  is  considered,  it  will  necessitate 
it  me  tne  Conta  me  rle  s s Processing  Facility  at  full  power  only  a fraction  of 
time  sikH  that  the  desired  tempo  ratin  e is  attained  without  severe  superheating. 

In  view  of  the  considerations  ot  accelerations  to  be  encountered  ir^a  Space 
Laboratory,  the  minimum  acceleration  requirements  of  1 cm/sec  may  be  con- 
servative with  0.  1 cin/sec^  perhaps  more  likely.  If  the  required  minimum 
acceleration  were  reduced,  the  horizontal  lines  in  Figure  22  would  rise  to  higher 
values  of  specimen  radius. 


In  Figure  22,  the  regions*  Jo  scribed  im  media  tel  v above  aro  left  blank  be- 
cause the  excess  induction  heating  duo  to  the  minimum  force  requirement  renders 
tiie  electron  beam  unnecessary.  The  points,  in  Figure  2 3,  at  which  the  induction 
heating  just  equals  the  power  radiated  are  marked  by  large  dots  inside  the  data 
points. 

It  should  be  noted  that  additional  consideration  must  be  given  to  the  feasibil- 
ity tor  processing  the  largest  size  specimens  indicated  in  Figure  22.  For 
specimen  radii  exceeding  several  centimeters,  hydrodynamic  stability  of  the 
molten  mass  whose  integrity  is  maintained  solely  by  surface  tension  forces  must 
be  considered.  Elementary  estimates  indicate  that  positioning  forces  will  lead 
to  only  moderate  shape  distortions  for  the  largest  sizes  indicated  in  Figure  22. 
Another  important  physical  consideration  for  these  larger  size  specimens  is  heat 
transfer  mechanisms  within  the  specimen  which  will  have  a major  effect  upon  the 
time  required  for  melting  and  may  indicate  heating  power  margins  other  than  the 
20  percent  assumed  here  to  optimize  the  trade-off  between  facility  peak  power 
and  duration  of  demand  for  peak  pov/er.  It  is  expected  that  the  distribution  in 
depth  of  joule  heating  obtained  with  the  higher  resistivity  specimens  and  stirring 
due  to  electromagnetic  Lorentz  forces  will  be  important  factors  to  be  exploited. 
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NUMBER  OF  IDENTIFIED  CASES 
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Figure  1.  Numbers  of  Identified  Candidate  Materials  with  Various  Ranges 

of  Electrical  Resistivity 


G (X)  (DIMENSIONLESS) 


Figure  4.  Body  Force  Function 


Figure  5.  Family  Relationships  Amongst 
Various  Coil  Types 
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Figure  6.  Force  Exerted  Upon  a 2.  54  cm 
Diameter  Solid  Aluminum  Sphere  By  3 2 

a 5.5  cm  Diameter  3-Turn  Circular  Figure  7.  F/a  G(x)  grad  B (dimensionless) 

Coil  Carry  50.  5 amp  (rms),  f =10 0 KHz  vs.  Distance 
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Figure  8.  Calculated  Force  Along  Axes  of 
Symmetry  for  Cube  with  Coils  of  Radius 
1,25  cm,  a Distance  2,5  cm  from  the 
Center  of  the  Coil  System 
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Figure  9.  yj“j  s — 5 — vs.  Distance 

From  Center  of  Cup  CoU  Pair  For 
Several  Different  Cup  Coils 
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Figure  11.  Total  Flux  Density  Squared 
on  Each  Axis  for  Baseball  Coil  of 
5.  0 cm  Diameter 


o> 
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Figure  12.  Radial  and  Axial  grad  (H/I) 
(Voi.  Aver.)  for  Cusp  Coil  vs.  Distance 
From  Center  of  Coil  for  Several  Different 
Coil  Spacings  (Coils  wound  on  5 cm  dia.  S] 


Figure  13.  Measured  h Calculated  Forces 
In  a Two  Turn  Cusp  Coil,  2*1  cm  Radius, 

2.  7 cm  “Spacing"  with  a 2.  5 cm  dia.  Alum- 
inum Sphere.  (I  = 67  amp,  rms) 
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D1A.  OF  COIL  - 5.0  CM 
NO.  OF  TURNS  - 2 
CONDUCTOR  DIA.  - 0.64  CM 
PROXIMITY  FACTOR  1.23 
LENGTH  OF  COIL  - 50  CM 
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Figure  18.  Efficiency  of  Heating  a Specimen  va.  Resistivity  for  a Baseball  Coil 
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Figure  20.  Efficiency  of  Heatuig  A Specirrien  In  A Cusp  Coil 
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Figure  22.  Maximum  Radii  of  Specimens  For 
Various  Melting  Temperatures  and  Assumed 
Total  Facility  Powers,  Electron  Beam  Heating 
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SUMMARY 

The  non-contact  positioning  of  mater lain  in  a space  processing 
chamber  is  accomplished  using  a new  tvpe  of  acoustic  levitator.  Liquid 
and  solid  materials  are  positioned  using  a single  source  of  sound.  Fine 
control  of  position  may  be  obtained  by  motion  of  an  acoustical  reflector. 
Electrical  power  required  is  usually  less  than  100  watts.  The  system 
operates  satisfactorily  at  high  and  low  temperatures  and  is  adaptable 
as  an  "add-on"  feature  to  existing  space  experiments.  Ccntainerlcss 
melting  and  solidification  can  be  performed  and  a freely  suspended 
liquid  can  be  shaped  to  the  contour  of  the  sound  field.  Experiments 
are  described  in  which  aluminum,  glass  and  plastic  materials  are  melted 
and  solidified  in  the  cont.ainerless  state.  The  system  has  applications 
to  containerless  crystal  growth,  melting  and  related  processes. 


INTRODUCTION 

Manufacturing  processes  undertaken  in  an  orbital  space  station 
may  be  seriously  effected  by  drift  of  the  material  being  processed. 

Control  of  the  position  of  the  material  is  generally  desirable.  The  ob- 
jective of  this  paper  is  to  describe  a new  tvpe  of  acoustic  position 
control  system  that  can  be  adapted  to  existing  space  processing  chambers 
with  minimum  modifications  to  the  chambers.  The  acoustic  system  tc  be 
described  departs  from  existing  systems  in  that  only  one  sound  source 
is  used.  The  single  sound  source  Is  used  to  excite  the  chamber  volume 
into  normal  modes  of  vibration.  Whenever  there  is  a region  in  the  ex- 
periment chamber  at  which  the  acoustic  potential  energy  is  a minimum, 
the  specimen  will  be  urged  towards  this  region  ant!  remain  freely  sus- 
pended, if  the  acoustic  forces  are  strong  enough.  Liquid  and  solid 
materials  can  he  freelv  suspended  bv  this  method,  up  to  several  ounces 
in  weight  under  1-g.  The  shapes  of  the  levitated  materials  can  be 
spherical  or  disc-shaped.  The  spherical  bodies  are  limited  in  size  to 
about  one  half  wavelength  of  sound  (1.7  cm  diameter  for  a 10kHz  levitator). 
Flat  blanks  of  material  can  be  considerably  larger  than  the  half  wave- 
length criterion  and  still  remain  stably  levitated.  Specimens  can,  under 
certain  conditions,  be  smin  on  an  axis  for  degassing  purposes,  without 
touching  the  specimen.  The  shape  of  a liquid  specimen  can  also  he  made 
to  conform  to  the  shape  of  the  localized  acoustic  field.  The  system 
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has  been  operated  in  a range  of  configurations  of  experiment  chambers 
including  rectangular  and  cylindrical  experiments  units. 


Experiments  have  been  conducted,  and  will  be  described  later,  in 
which  the  effect  of  the  levitator  sound  field  on  a supercooled  liquid 
has  been  determined.  The  indications  are  that  the  sound  energy  coupled 
into  the  specimen  must  exceed  the  cavitation  threshold  in  the  liquid. 

The  cavitation  threshold  is  several  orders  of  magnitude  larger  than  the 
sound  levels  that  can  reasonably  be  expected  to  be  coupled  into  the 
specimens.  The  indications  are  that  the  levitator  sound  field  will 
not  disturb  the  material  processes.  This  point  is  given  greater  credence 
when  the  levitator  is  operated  under  the  low-g  conditions  pertinent  to 
space  processing.  The  acoustic  field  strengths  can  be  reduced  greatly 
and  thereby  further  reduce  the  effects  of  these  fields  upon  the  material 
being  processed. 

Several  position  control  systems  for  space  manufacturing  have 
already  received  study  and  development  by  other  investigators.  The 
triaxial  system  developed  at  the  Jet  Propulsion  Laboratory  utilizes  three 
low  frequency  sound  sources  and  relies  upon  the  opposing  action  of  the 
acoustij  radiation  pressure  in  three  crossed  sound  beams  for  positioning 
the  object.  The  electromagnetic  position  control  system,  a version  of 
which  has  been  developed  at  the  General  Electric  Laboratories,  utilizes 
three  field  coils.  The  electromagnetic  system  has  the  unique  advantage 
of  operating  in  a vacuum  but  is  limited  in  use  to  electrically  conduct- 
ing materials. 


PRINCIPLE  OF  OPERATION 

A simplified  version  of  the  levitator  is  shown  in  Figure  1.  The 
sound  source  consists  of  a plane  circular  piston  that  radiates  a beam 
of  sound  toward  a parallel  reflecting  surface  placed  a distance  n>/4 
away,  where  X is  the  sound  wavelength  in  the  levitator  atmosphere  and 
n is  any  integer.  A standing  wave  is  established  between  the  sound 
source  and  reflector  as  shown  by  the  pressure  profile  in  Figure  2.  A 
body  introduced  into  the  sound  field  will  move  towards  planes  of  minimum 
potential  energy,  corresponding  to  the  planes  of  minimum  sound  pressure 
drawn  in  Figure  2. 

The  levitated  material  is  constrained  in  the  sideways  direction 
by  the  near  field  pressure  of  the  sound  source.  Three  typical  near 
field  pressure  profiles  are  drawn  in  Figure  2 for  successive  planes 
normal  to  the  axis  of  the  levitator.  These  pressure  profiles  arc  obtained 
by  the  methods  described  in  Reference  1 and  are  for  a piston  radiator  4 
sound  wavelengths  in  diameter  corresponding  to  a sound  source  7.5  cm 
diameter  resonated  in  air  at  20kHz.  The  positions  of  stable  levitation 
correspond  to  the  regions  where  the  pressure  is  minimized  in  the  combined 
standing  wave  field  and  the  near  field.  These  regions  are  i niicntM 
by  the  small  circles  in  Figure  2.  The  near  field  pressure  distribution 
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Is  circularly  symmetric  about  the  levitator  axis  so  that  stable  levita- 
tion is  obtained  an  where  in  a series  of  successive  circular  70110s 
spreading  outward  from  the  levitator  axis,  each  levitation  zone  being 
parallel,  and  closely  neighboring  the  minimum  pressure  planes. 

For  the  levitator  to  operate  satisfactorily,  the  material  being 
levitated  should  not  be  so  large  as  to  overlap  successive  pressure  minima. 
The  diameter  of  a sphere,  for  example,  should  not  exceed  one  half  of  a 
sound  wavelength  in  the  gas  atmosphere,  otherwise  pressures  will  tend 
to  cancel.  The  limiting  sphere  size  for  stable  levitation  in  a 10kHz 
air-filled  levitator  at  room  temperature  is  1.7  cm  diameter.  Flat  blanks 
of  material  can  be  levitated  larger  than  the  sphere.  A specimen  blank 
will  come  to  equilibrium  with  the  plane  of  the  blank  parallel  to,  but 
displaced  a small  distance  from  a minimum  pressure  plane.  The  blank 
thickness  (measured  in  a direction  normal  to  the  planes  of  minimum 
pressure)  should  not  exceed  the  half  wavelength  limit  alluded  to  earlier. 
However,  the  lateral  dimensions  may  exceed  a half  wavelength  and  are 
limited  by  the  radial  distances  between  the  pressure  troughs  in  the  near 
field.  For  example,  a disc  approximately  5.5  cm  diameter  could  be  levi- 
tated at  the  minimum  pressure  plane  cc * , Figure  2.  This  distance  of 
5.5  cm  correspondi  to  the  distance  between  the  outer  pressure  troughs 
in  the  near  field,  at  ‘his  plane.  The  estimates  of  maximum  blank  diameter 
are  modified  by  the  reflection  of  sound  from  the  blank  itself.  The  sound 
reflection  frcrm  the  blank  will  enhance  the  standing  wave  between  the 
blank  and  the  sound  source  but  tend  to  smear  the  near  field.  The  side- 
ways restoring  forces  are  reduced  so  that  levitation  of  the  blank  may  be 
less  stable. 

An  acoustic  standing  wave  is  shown  in  Figure  3,  measured  along  the 
axis  of  an  experimental  nucleation  tube.  The  nucleation  tube  was  7.5 
cm  in  diameter  and  30  cm  in  length,  driven  at  one  end  by  a 7.4  cm  diameter 
piston  radiator  oscillating  at  20kHz. 

The  far  end  of  the  metal  tube  was  closed  by  a close  fitting  circular 
reflector  that  could  be  moved  precisely  along  the  tube  axis.  The  upper 
curve  of  Figure  3 shows  the  increase  in  sound  pressure  and  the  corre- 
sponding increase  in  the  gradient  of  the  sound  pressure  as  the  gas  column 
is  tuned  by  adjusting  the  position  of  the  reflector.  Maximum  sound 
pressure  amplitude  is  obtained  wh^n  che  separation  distance  between  the 
source  and  the  reflector  is  n X /4.  The  completely  untuned  condition, 
separation  equal  to  n X/2,  (the  lower  curve  of  Figure  3),  results  in  a 
reduction  in  the  sound  pressure  and  hence  in  the  levitation  force.  The 
reduced  gradients  of  sound  pressure  in  the  untuned  condition  would  result 
in  a longer  time  to  restore  the  levitated  bodv.  Plastic  spheres  inserted 
into  the  tuned  and  excited  tube  reached  their  equilibrium  positions  close 
to  the  planes  of  minimum  pressure.  The  small  open  circles  in  the  upper 
curve  of  Figure  3 show  the  observed  levitation  points. 

The  magnitude  of  the  sound  radiation  force  on  a small  sphere  in  a 
plane  standing  wave  is  given  in  Reference  2 by  the  equation: 
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F 


where 

R - radius  of  sphere 
k - 2n  / \ for  the  gas  atmosphere 
P * density  of  the  gas 
v ■ acoustic  particle  velocity 


0 

f > 

0 

in  a gas. 


*5/6  for  solid  or  liquid  bodies  suspended 


The  minimum  potential  energy  exists  at  the  velocity  anti nodal  planes 
as  described  in  Reference  2 at  which  planes  the  sound  pressure  is  a minimum. 


A solid  sphere  0.4  cm  radius  would  experience  a radiation  force 
of  approximately  1800  dynes  which  when  placed  at  a velocity  antinode  in 
a 20kHz  plane  standing  wave,  in  which  the  radiated  sound  intensity  of 
the  source  was  lw/cm^  (160  db  sound  pressure  level)  and  the  standing 
wave  gain  was  threefold.  At  this  acoustic  field  strength,  the  0.4  cm 
radius  sphere  could  weigh  approximately  1.8  grams  and  remain  levitated 
on  earth.  This  corresponds  to  a density  of  about  7 for  the  sphere.  Since 
higher  sound  intensities  are  available,  the  dense  elements  evidently  can 
be  levitated  t or res ti ally,  if  desired. 


Sound  adsorption  in  the  levitntor  gas  reduces  the  distance  at  which 
a body  can  be  levitated.  For  example,  the  pressure  troughs  in  the  stand- 
int  wave  shown  in  Figure  3 are  considerably  less  pronounced  as  one  moves 
away  from  the  sound  source. 


The  adsorption  of  a low  intensity  plane  harmonic  sound  wave  is  givtn 
in  Reference  2 and  3 by  the  equation: 


where 

I is  the  sound  intensity 

X is  the  distance  measured  in  a direction  normal  to  the  wavefront 
a is  the  attenuation  constant 


The  attenuation 


constant  is  given  by  the  equa t ion : 

, . , / 1 
n + n + x I ~~r~  * 


3. 
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where 


is  the  regular  f reqwonoy 

n Is  the  shear  viscosity  coefficient  of  the  gas 
n*  is  the  conpressional  viscosity  coefficient 
P is  the  density  of  the  modiutn 
c is  the  velocity  of  sound 
c Y spec  if ic  heats 

W 

It  is  seen  that  the  attenuation  coefficient  varies  as  the  square 
of  the  va  o frequency.  Thus,  operation  of  the  levitator  at  the  lower 
ultrasonic  frequencies  results  in  a greater  distance  at  which  the  object 
can  be  levitated.  Also,  the  absorption  given  by  equation  2 holds  only 
for  distances  close  to  the  source  as  mentioned  in  Reference  2,  p 30.  At 
greater  distances  than  one  wavelength  from  the  source  the  absorption  is 
considerably  greater  than  that  given  by  equation  2.  The  increase  in  ab- 
sorption at  the  fundamental  frequency  depends  upon  the  wave  amplitude  and 
may  be  an  order  of  magnitude  larger  than  that  predicted  by  equation  2. 

The  curves  shown  in  Figure  3 can  be  used  as  a guide  to  indicate  the  absorp- 
tion losses  in  a 20kHz  levitator  and  the  absorption  in  lower  frequency 
systems  can  be  scaled  from  these  curves. 


ACOUSTIC  CAVITY  ENERGY  WELL  LEVITATOR 

The  levitator  described  in  the  preceding  section  represents  a 
limited  version  of  the  more  general  energy  well  levitator  in  which  reso- 
nances are  developed  throughout  the  entire  three  dimensions  of  the  experiment 
chamber.  In  this  sense,  the  experiment  chamber  is  viewed  as  an  acoustic 
cavity  that  can  be  excited  in  a range  of  high  and  low  order  modes  - the 
normal  modes  of  vibrat  ior . Tvpical  acoustic  cavities  are  represented 
bv  experimental  furnace  tubes  or  t he  interior  volume  of  a muffle  furnace, 
all  of  which  volumes  are  adaptable  directly  to  energy  well  levitation 
through  normal  mode  excitation. 

The  normal  modes  of  vibration  of  a rectangular  enclosure  are  given 
by  the  following  equations  obtained  from  References  4 and  3: 


nx,  n , n„,  * o,  l,  3 
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where 


P « sound  pressure 

c * sound  velocity  in  the  gas 

X ■ sound  wavelength 

A rectangular  cavity  is  shown  in  Figure  4 excited  in  normal  mode 
M_0.  The  dimensions  of  the  cavity  are  t * 8 ems,  t * 8 ems  with 

228  7 \ y 

n " 2,  n - 2 and  n - 8.  For  an  acoustical  signal  of  frequency  20kHz, 
injected  yinto  the  chamber,  the  distance  £ is  calculated  to  be  7 ems, 
obtained  from  equation  5.  These  dimensions  2 may  be  typical  of  a small 
space  processing  chamber. 


The  normal  m*»-le  corresponding  to  any  particular  set  of  values  of 
n and  n can  be  produced  by  starting  a plane  sound  wave  in  the  direc 
by  the  direction  cosines  w /u>,  w_/a«f  u^/io  where 


t¥on  ^ given2 


y ' z * * y 

and  lotting  the  wave  reflect  until  it  becomes  a standing  wave.  Thus,  the 
sound  generator  used  to  produce  levitation  in  a cavity  experiment  chamber 
should  be  inserted  at  an  angle  given  by  the  direction  cosines.  If  this 
is  not  effected,  the  resultant  wave  in  the  experiment  chamber  will  not 
be  periodic  and  will  not  correspond  to  a normal  mode  (See  Reference  4, 
p.  390). 


The  sound  pressure  isobars  for  the  cavity  shown  in  Figure  4,  arc 
plotted  in  Figure  5 for  the  X-Y  plane  at  Z * 0.  Note  that  there  are  four 
pressure  minima  and  consequently  four  levitation  points  in  the  X-Y  plane 
at  Z * 0. 


The  isobars  shown  in  Figure  5 are  repeated  periodically  as  one 
moves  along  the  Z axis.  Since  there  are  8 half  wavelengths  in  the  Z 
direction  (n  *8),  there  are  consequently  32  distinct  levitation  regions 
in  the  cavity.  However,  the  depth  of  each  energy  trough  will  be  governed 
bv  the  absorption  of  sound.  The  energy  troughs  near  to  the  sound  source 
will  be  stronger  t nan  those  a distance  away. 

Various  examples  of  acoustic  cavity  levitators  are  given  in  the 
next  section. 


APPARATUS 

The  sound  source  used  throughout  the  investigations  is  shown  in  the 
photograph  Figure  6.  The  source  consists  of  a evlinder  of  magnesium- 
aluminum  alloy  about  7.5  cm  in  diameter  and  of  length  equal  to  a one  half 
sound  wavelength  in  the  alloy.  The  vibrator  is  supported  by  a flange  at 
the  midsection  - a displacement  node  - and  excitation  of  the  vibrator  is 
provided  by  inducing  eddy  currents  in  a metal  tube  turned  integrally  with 
the  base  of  the  vibrator.  A full  description  of  an  early  version  of  this 
vibrator  is  given  in  Reference  1. 
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A muffle  furnace  shown  in  Figure  7 is  adapted  for  use  with  the  sound 
source.  This  is  accomplished  by  removing  a firebrick  from  the  underside 
of  the  furnace  and  placing  the  front  end  of  the  sound  source  so  that  it 
is  centered  in  the  firebrick  hole,  pointing  vertically  upwards.  A fixed 
reflector,  consisting  of  a flat  slab  of  stainless  steel  is  supported  within 
the  furnace  at  a distance  equal  to  4 half  wavelengths  of  sound  from  the 
vibrator  surface  and  parallel  to  it.  To  reduce  heating  of  the  vibrator 
by  the  furnace  heat,  a series  of  parallel  200  mesh,  stainless  steel  wire 
mesh  screens  are  placed  immediately  above  the  vibrator  in  a plane  parallel 
to  the  vibrator  surface.  The  wire  mesh  screens  introduce  very  small  ab- 
sorption of  the  sound  wave,  but  effectively  conduct  away  the  heat  that 
otherwise  might  impair  the  performance  of  the  vibrator.  A detailed  des- 
scription  of  acoustical  transmission  through  wire  mesh  screens  is  given 
in  Reference  6. 

An  experimental  furnace  module,  suitable  for  drop  tower  and  rocket 
experiments,  is  shown  in  Figure  8,  equipped  with  the  acoustic  levitator, 
for  levitating  specimens  of  chalcogenide  glass.  The  furnace  operates  at 
800°C,  at  which  temperature  solid  specimens  can  be  levitated  and  melted. 

The  furnace  module  consists  of  a fused  quartz  tube  measuring  7 . 5 cm  dia- 
meter by  15  eras  in  length,  outside  of  which  are  placed  two  nickel-chromium 
heating  elements.  The  top  end  of  the  quartz  tube  is  closed  by  a refractory 
cap  through  which  an  inert  gas  can  be  passed  by  means  of  an  inlet  tube. 

An  adjustable  metal  reflector  is  provided  inside  the  quartz  tube  to  in- 
crease the  levitation  forces. 


PERFORMANCE  EVALUATION 

The  stability  of  the  acoustic  energy  well  levitation  process  can 
be  gaged  from  the  three  photographs  shown  in  Figure  9.  The  upper  photo- 
graph shows  the  levitator  (frequency  20kHz)  mounted  inside  a drop  tower 
cage  and  pointing  vertically  upwards.  A specimen  can  be  seen  levitated 
approximately  halfway  between  the  upper  surface  of  the  vibrator  and  the 
reflector.  The  center  photograph  in  Figure  9 shows  the  specimen  remaining 
levitated  when  the  entire  assembly  is  rotated  through  90® . The  lower  photo- 
graph shows  the  system  pointing  vertically  downwards.  The  system  is  stable 
and  independent  of  the  direction  of  the  sound  beam.  We  thus  conclude 
that  the  energy  wells  are  closed.  In  the  center  photographs  of  Figure  9, 
the  levitated  specimen  is  shown  pulled  by  gravity  to  a position  slightly 
below  the  position  originally  occupied  in  the  upper  photograph.  The  de- 
flection of  the  specimen  provides  the  means  to  measure  the  "sideways" 
restoring  forces  in  the  levitator.  In  the  instance  cited,  the  lateral 
restoring  forces  are  about  10Z  of  the  levitation  forces  In  tne  direction 
of  the  main  sound  beam. 

The  photographs  shown  in  Figures  10  and  11  demonstrate  levitation 
of  liquid  and  solid  materials.  The  levitator  frequency  was  20kHz  and  the 
electrical  power  input  into  the  vibrator  was  approximately  85  watts  through- 
out. The  left  photograph  in  Figure  10  shows  a levitated  water  droplet 
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measuring  approximately  0*4  cm  in  length,  A considerable  degree  of  flat- 
tening is  observed.  The  flattening  results  from  the  sound  radiation 
force.  The  droplet  shape  is  governed  by  the  surface  tension  cf  the 
water  and  the  shape  and  strength  of  the  acoustic  energy  well  in  which 
it  resides.  By  deliberately  shaping  the  energy  well,  the  liquid  could, 
in  principle,  be  formed  to  a desired  shape  without  contacting  surfaces. 

The  right  photograph  in  Figure  10  shows  a solid  aluminum  sphere  levitated 
brass  disc  measuring  about  5 cm  diameter  by  0.5  cm  thick.  Levitation 
of  the  disc  is  obtained  without  a separate  reflector  since  the  disc  acts 
as  its  own  reflector.  Here,  gravity  is  needed  to  retain  the  specimen 
in  position.  For  space  applications,  a separate  reflector  would  be  re- 
quired. The  upper  photograph  in  Figure  11  shows  five  spheres  simultaneously 
levitated  in  the  standing  wave  as  indicated  in  Figure  3. 

Position  control  in  the  levitator  is  effected  by  simply  moving 
either  the  reflector  or  the  sound  generator.  Tha  specimen  will  follow 
the  motion  of  the  surface  that  is  moved. 

Acoustic  "lift-off"  of  a specimen  from  a wire  mesh  screen  is  shown 
in  Figure  12.  The  specimen  will  lift  from  the  position  of  the  spoon 
in  the  lower  photograph  to  the  position  of  the  specimen  in  the  upper 
photo . 


APPLICATIONS 
Free  Suspension  Melting 

Low  temperature  containerless  melting  is  demonstrated  in  the  sequence 
of  photographs  in  Figure  13.  A picoelastic  material,  melting  point  80°C, 
is  introduced  in  the  levitator  and  is  shown  in  the  top  left-hand  photograph. 
Partial  melting  of  the  material,  obtained  by  means  of  a quartz  lamp,  is 
shown  in  the  top  right-hand  photograph.  It  is  observed  that  the  material 
has  taken  an  approximately  spherical  form.  As  the  viscosity  of  the  material 
reduces  with  increasing  temperature,  the  sphere  flattens  (lower  left-hand 
photograph)  and  finally  the  material  is  compressed  by  the  sound  vibration 
forces  to  a flattened  disc-like  shape.  The  spherical  form  could  be  re- 
tained by  reducing  the  intensity  of  the  sound  field.  In  low  gravity,  for 
example,  the  sound  fields  could  be  reduced  in  proportion  to  the  reduction 
in  the  gravity  field.  Consequently,  little  distortion  of  a spherical  body 
should  result  from  the  acoustic  levitation.  A penalty,  however  is  the 
increasing  time  to  restore  the  body  to  equilibrium,  when  the  sound  fields 
are  reduced. 

High  temperature  containerless  melting  of  aluminum  and  glass  is 
shown  in  Figures  14  and  15,  respectively,  undertaken  in  the  muffle  furnace 
levitator  described  in  the  previous  section.  The  top  photograph  in  Figure 
14  shows  an  irregular,  solid,  aluminum  ball,  introduced  into  the  furnace. 

The  sound  vibrator  is  directed  upwards  through  the  bottom  of  the  furnace 
as  described  previously.  The  flat  plate,  situated  midway  between  the  bottom 
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ami  ton  of  the  furnace,  is  the  reflector.  Furnace  temperature,  measured 
at  a distance  of  7 cms  to  the  rear  of  the  specimen,  was  1000°C.  After 

.11  elapsed  rime  of  40  seconds  a photograph  was  taken,  shown  at  the  bottom 
o'.  Figure  14.  At  this  point,  the  aluminum  had  melted  and  was  approximate! 
spherical  in  form. 

Figure  15  shows  two  photographs  of  contairrrless  glass  melting. 

Each  photograph  was  taken  30  seconds  apart.  It  the  top  photograph  a glass 
disc,  1 cm  in  diameter,  was  inserted  into  the  furnace  and  levitated.  The 
disc  is  situated  towards  the  top  right-hand  side  of  the  picture.  The 
bottom  photograph  shows  the  glass  disc  melted  to  form  a sphere  of  molten 
glass  that  remained  stably  levitated.  The  furnace  temperature  was  800°C 
for  this  sequence  of  photographs.  Electrical  power  into  the  levitator 
was  200  watts.  Small  random  motions  of  the  levitated  sphere  were  observed 
Those  random  motions  were  mostly  caused  by  drafts  entering  the  open  front 
door  of  the  furnace. 


Liquid  Injection 

Injection  of  liquids  into  the  levitator  may  present  a problem  if 
the  liquid  is  not  injected  into  an  energy  veil  and  if  too  much  liquid  is 
inserted  at  any  one  time.  Improper  liquid  injection  results  in  break-up 
of  the  liquid  droplet  and  consequent  fouling  of  the  experiment  chamber. 

A method  of  liquid  in lection  consists  of  detaching  the  droplet  from  the 
end  of  a capillary  tube.  The  weight  of  the  largest  drop  that  can  hang 
from  the  end  of  a tube  of  radius  a,  is  mg  - Xtt  a y cos  a wheie  y is  the 
surface  tension  and  a is  the  angle  of  contact  with  the  tube.  By  choosing 
a tube  of  diameter  calculated  from  this  equation  the  size  of  the  drop  can 
be  obtained,  that  'che  levitator  will  accept  without  liquid  break-up.  This 
is  demonstrated  by  the  two  photographs  shown  in  Figure  16.  The  top  photo- 
graph shows  a water  droplet  growing  at  the  end  of  a capillary  tube  that 
is  inserted  into  the  levitator.  As  the  drop  grows,  it  will  tend  to  move 
in  the  sound  field,  but  remain  attached  to  the  capillary  tube.  The 
cap!  limy  tube  is  now  moved  until  an  energv  well  Is  found  where  the  drop- 
let reaches  equilibrium  and  shows  no  tendency  to  translate.  After  a few 
seconds  the  droplet  will  detach  when  it  reaches  critical  size  and  remain 
levitated.  The  detached  droplet  is  shown  in  the  bottom  photograph  in 
Figure  16.  Under  low  gravity  a slight  gas  overpressure  in  the  capillary 
tube  should  suffice  to  eject  the  liquid  from  the  capillary  tube. 


1,1  qu  id Shapi  ng 


Levicated  liouids  may  be  shaped  by  increasing  or  decreasing  the 
sound  pressure  nr,  alternatively,  by  shaping  the  acoustic  energy  well  in 
which  the  levitation  takes  place.  A sequence  of  photograph  of  a levi- 
tated water  drep  is  shown  in  Figure  17.  The  photographs  were  each  taken 
st  a different  sound  pressure  level.  It  can  be  seen  that  the  drop  pro- 
gressively flattens  as  the  sound  pressure  is  increased. 


655 


EFFECT  OF  THE  LEVITATOR  SOUND  FIELDS 
ON  THE  PROCESSING  OF  MATERIALS 


A series  of  experiments  was  conducted  to  indicate  the  effect,  if 
any,  of  the  levitator  sound  field  on  the  material  being  processed.  From 
the  viewpoint  of  classical  acoustics,  the  mismatch  in  acoustical  impedance 
between  the  levitator  gas  in  which  the  sound  field  propagates  and  the 
material  levitated,  is  considerable,  and  the  energy  transfer  should  be 
extremely  small.  For  example,  the  acoustical  impedance  of  air  is  42  cgs 
units  and  that  of  water  1.5  x 10^  cgs  units.  The  impedance  mismatch  is 
about  3500  to  1 resulting  in  an  energy  transfer  ratio  equal  to  the  square 
of  this  ratio,  or  about  1.2  x 10^  to  1.  However,  other  disturbances 
could  arise  in  a levitated  material  such  as  surface  or  volume  resonances 
that  may  increase  the  energy  transfer  from  the  sound  field. 

To  check  the  sensitivity  of  a material  process  to  the  levitator 
sound  field,  the  following  experiments  were  conducted.  A droplet  of  ben- 
zophenone  (M.P.  47°C),  measuring  4 ram  diameter,  was  levitated  and  allowed 
to  supercool  in  the  levitator  while  freely  suspended.  It  was  observed 
that  the  droplet  supercooled  by  16%  of  the  melting  point  temperature  with- 
out any  indication  of  crystallization.  During  the  cooling  process  the 
drop  was  viewed  continuously  under  a microscope  using  a polarized  light 
source  to  indicate  any  tendency  of  the  liquid  to  solidify. 

In  the  second  experiment,  it  was  decided  to  irradiate  a supercooled 
liquid  by  soupling  sound  into  the  liquid  by  direct  immersion  of  an  ultra- 
sonic transducer.  The  acoustic  energy  transfer  is  high,  in  this  condition, 
such  that  50  to  60%  of  the  sound  energy  generated  in  the  transducer  is 
propagated  into  the  liquid.  The  experimental  apparatus  is  shown  in  the 
top  photograph  of  Figure  18.  The  metal  cylindrical  stub  of  the  acoustic 
transducer  can  be  seen  immersed  in  the  liquid  (benzophenone)  in  the  fore- 
ground of  the  photograph.  At  the  bottom  right  Sj.de  a small  acoustic  probe 
can  be  seen  which  is  used  to  detect  the  sound  field.  This  probe  is  con- 
nected to  a narrow  band  electrical  filter  that  can  be  switched  into  the 
circuit  and  used  to  suppress  the  direct  acoustic  signal  received  from  the 
transducer.  The  liquid  was  supercooled,  as  shown  by  the  bottom  curve  of 
the  supercooling  curves  plotted  in  Figure  19.  At  a temperature  of  30.8°C 
the  transducer  was  excited  at  the  increasing  voltages  labelled  on  the 
curve.  At  a transducer  drive  voltage  of  2?0  volts,  acoustic  cavitation 
was  visually  observed  in  the  liquid  benzophanone,  whereupon  the  liquid 
crystallized  at  a high  rate,  shown  by  a shcrp  ircrease  in  temperature 
of  the  liquid  - the  lower  curve  in  Figure  19  - and  shown  by  the  crystalliza- 
tion evident  in  the  photographs  in  Figure  18.  Just  prior  to  the  inception 
of  crystallization,  the  acoustic  pr 3b e^rrdic a ted  a noise  signature  shown 
by  the  oscilloscope  traces  in  the  photograpns.  The  noise  signature  was 
characteristic  of  sonic  cavitation  (See  References  1,  7 to  11).  Prior 
to  the  incc  tion  of  cavitation  the  acoustic  intensity  in  the  liquid  was 
substantial,  and  from  the  acoustic  probe  reading,  was  calculated  to  ex- 
ceed 0.1  watt/cm^.  At  the  0.1  watt/m^  acoustic  radiation  level,  no  effect 
on  the  crystallization  process  could  be  observed  as  shown  in  Figure  18. 
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The  evidence  appears  to  indicate  that  the  sound  fields  must  reach  the 
cavitation  level  for  these  fields  to  effect  crystallization  of  the 
material.  An  exception  would  be  in  a specific  instance  in  which  a delib- 
erate attempt  was  made  to  o-uple  the  gas-born  sound  energy  to  t lie  material, 
for  purposes  of  acoustic  mixing  of  the  material,  homogenization  or  other 
acoustic  processing  factors.  In  thi3  event,  the  sound  frequency  could 
be  adjusted  to  resonate  the  material  and  increase  the  energy  coupling. 
These  factors  considered  further  in  the  Appendix.  1 


CONCLUSIONS 

The  acoustic  energy  well  levitator  is  capable  of  levitating  and 
positioning  liquids,  and  solid  dense  materials  of  sizes  useful  in  space 
processing  experiments.  The  method  can  be  scaled  to  a full  scale  space 
manufacturing  process.  The  virtue  of  simplicity  is  retained  in  the 
levitator,  while  operating  in  high  temperature  environments  exceeding 
1000°C.  A gas  atmosphere  is  necessary  to  conduct  the  sound,  but  the 
gas  pressure  can  be  reduced  at  the  cost  of  reducing  the  levitation  forces. 
Containerless  shaping  of  materials  can  be  accomplished,  though  precise 
shaping  would  require  careful  design  of  the  experiment  chamber  to  form 
the  energy  wells  to  the  proper  shape.  Precise  positioning  can  be  ob- 
tained by  moving  a reflecting  surface  or  by  moving  the  sound  source.  By 
this  means,  a specimen  can  be  translated  from  a hot  region  to  a cold  region. 
The  energy  well  levitator  is  adaptable  to  a range  of  space  experiments. 

Strip  materials,  flat  blanks  and  discs  are  particularly  easily  handled. 

ACKNOWLEDGEMENT 

The  author  wishes  to  acknowledge  the  work  of  Mr.  B.  A.  Durley  III 
who  contributed  much  to  the  investigations  described  in  this  paper.  Mr. 
Durley  contributed  substantially  to  the  experiments  and  the  design  of 
the  hardware. 


657 


REFERENCES 


T.  Heuter  and  R.  H.  Bolt,  "Sonics", 

John  Wiley  and  Sons,  New  York,  1955, 
p.  68  for  calculations  of  near  field 
p.  228  for  cavitation  noise  spectra. 

L.  D.  Rozenberg,  "High  Intensity  Ultrasonic  Fields", 

Translated  from  the  Russian  by  J.  S.  Wood, 

Plenum  Press,  New  York,  1971, 
p.  114. 

A.  B.  Wood,  "A  Text  Book  of  Sound", 

Bell  and  Sons,  London,  1953. 

P.  M.  Morse,  '^Vibration  and  Sound", 

McGraw  Hill  Book  Company,  New  York,  1948, 
p.  397. 

E.  Mori  and  K.  Itora,  Measurements  and  Applications  of  Normal  Modes 
of  Vibration  in  a Rectangular  Bath", 

Ultrasonics  International,  Conference  Proceedings, 

Published  by  IPC  Science  and  Technology,  London,  1974. 

W.  P.  Mason,  "Piezoelectric  Crystals  and  Applications  to  Ultrasonics", 
D.  Van  Nostrand  Co.  Inc.,  New  York,  1956. 

B.  E.  Moltingk  and  E.  A.  Neppiras,  "Cavitation  Produced  by  Ultrasonics 
Proc.  Phys.  Soc.,  63B:  675  (1950),  64B:  1032  (1951). 

H.  G.  Flynn,  "Physics  of  Acoustic  Cavitation  in  Liquids’*, 

Physical  Acoustic  (W,  P.  Mason,  ed) , Vol.  13, 

Academic  Press,  Nlv  York  (1964). 

M.  G.  Siroryuk,  "Energetics  and  Dynamics  of  the  Cavitation  Zone", 
Akust.  Zh.,  13(2):  265  (1967). 

L.  Bohn,  "Sound  Spectrum  of  Vibration  Induced  Cavitation", 

Akust.  Beih.  2:201  (1952). 

V.  A.  Akulichev  and  V.  I.  Ilichev,  "Spectral  Indication  of  the  Origin 
of  Ultrasonic  Cavitation  in  Water”, 

Akust.  Zh.,  9(2) : 158  (1963). 


APPENDIX 


Mechanisms  of  Acoustic  Cavitation  and  Effect 

On  Cry  a tail!  z a t ion 


We  have  concluded  earlier  that  cavitation  levels  of  sound  evidently 
are  necessary  to  induce  nucleation  and  crystallization  of  a supercooled 
liquid • We  disgress  at  this  point  to  evaluate  how  these  cavitation- 
related  effects  can  occur  and  what  their  significance  may  be. 

Cavitation  processes  start  when  a bubble  or  other  nucleant  enters 
a sound  field.  A bubble  trapped  in  a sound  field  will  begin  to  grow  - 
a process  known  as  rectified  diffusion.  If  the  localized  sound  intensity 
is  low,  the  bubble  will  continue  to  oscillate.  The  bubble  may  grow  to 
resonant  size  or  coalesce  with  other  bubbles  and  become  visible  to  the 
naked  eye.  Caseous  cavitation  such  as  this  gives  rise  to  a line  spectrum 
of  acoustic  noise  that  may  be  measured  with  a broad  band  acoustic  probe, 
as  mentioned  earlier.  Pressure  and  particle  velocities  in  the  gaseous 
cavitation  state  do  not  much  exceed  those  in  the  incident  sound  field. 

As  such,  gaseous  cavitation  general!}  is  found  to  play  only  a minor  role 
in  changing  the  properties  of  liquids.  This  fact  is  brought  out  in  a 
multiplicity  of  references  of  which  References  7 to  11  have  been  selected. 
High  sound  intensities,  usually  of  the  order  of  0.3W/cm^  or  greater  give 
rise  to  vaporous  cavitation.  Vaporous  cavitation  arises  as  follows: 

Hubbles  of  * .^ize  such  that  their  resonant  frequency  is  higher  than  the 
incident  t,cund  frequency  behave  nonlinearly  as  shown  in  Reference  7. 

These  bubbles  grow  at  about  the  rectified  diffusion  growth  rate,  but  at 
a critical  size,  the  bubbles  collapse  with  extreme  violence  generating 
localized  shock  waves  that  further  nucleate  the  liquid  that  surrounds  the 
original  voids.  Temperatures  in  the  collapsing  void  may  be  extreme,  and 
may  exceed  10^  degrees  Kelvin.  The  acoustic  noise  shows  a continuous 
spectrum  and  this  spectrum  can  be  used  as  a "label"  for  the  existence  of 
vaporous  cavitation  in  a liquid.  Vaporous  cavitation  is  the  principle 
mechanism  whereby  sound  can  induce  fundament* 1 changes  in  a liquid  such 
as,  for  example,  increasing  the  nucleation  rates  c£  a liquid. 

The  evidence  from  the  photographs  in  Figure  18,  showing  the  effect 
of  direct  sound  irradiation  of  supercooled  benzophenone,  is  reconsidered 
in  the  light  of  these  considerations.  The  top  left-hand  photograph  shows 
the  condition  with  no  sound  radiation  - the  oscilloscope  trace  shows  no 
vertical  deflection  indicating  that  no  sound  is  being  received  at  the 
acoustic  probe. 

The  bottom  left-hand  photograph  shows  a small  vertical  trace  pro- 
duced by  0.1  W/cm^  sound  radiation  at  20kHz  of  the  liquid.  This  trace 
is  found  to  be  a noise  signal  consisting  of  a line  spectrum  and  corresponds 
to  the  gaseous  cavitation,  as  alluded  to  earlier.  Vaporous  cavitation  is 
incepted  very  suddently  at  a slightly  higher  sound  level  as  seen  visually 
in  the  top  right-hand  photograph  taken  100  milliseconds  later.  The  vapor- 
ous cavitation  is  identified  by  the  streamers  emanating  from  the  bottom 
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face  of  the  transducer  and  moving  in  a curved  path  to  the  i rght  of  the 
picture.  The  oscilloscope  trace  shows  the  characteristic  jump  in  the 
acoustic  noise  level  due  to  the  addition  of  the  continuous  noise  - further 
identifying  the  existence  of  vaporous  cavitation.  Almost  instantly  with 
the  start  of  vaporous  cavitation,  we  have  the  start  of  nucleation  and 
crystallization  in  the  liquid  as  shown  in  the  bottom  right  photograph. 

A few  seconds  after  this  picture  was  taken  the  whole  container  of  super- 
cooled benzophenone  had  solidified.  Note  that  the  oscilloscope  trace  has 
disappeared  even  though  the  sound  remains  on.  This  is  because  the  crystals 
of  benzophenone  absorb  the  sound  and  prevent  the  sound  from  reaching  the 
acoustic  probe. 

The  evidence  from  this  experiment  is  that  the  vaporous  cavitation 
threshold  must  be  exceeded  for  the  sound  to  cause  crystallization  and 
nucleation  of  the  material.  As  discussed  earlier,  it  is  very  improbable 
that  these  levels  of  sound  energy  can  be  coupled  from  the  levitator  to 
a fully  suspended  liquid. 


REFLECTING 


] ICURE  1.  THE  ENERGY  WELL  LEVITATOR 
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FIGURE  2.  DISTRIBUTION  OF  SOUND  PRESSURE 
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FIGURE  ft.  ACOUSTIC  CAVITY  LEVTTATOR 
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FIGURE  5 


ISOBARS  FOR  A RECTANGULAR  CAVITY 


FIGURE  6.  ULTRASONIC  INTENSE  SOUND  SOURCE 


FIGURE  10 
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FIGURE  18.  DIRECT  ACOUSTIC  IRRADIATION 
OF  SUPERCOOLED  BENZOPHENONE. 
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ACOUSTICAL  POSITIONING  CHAMBER  FOR  SPACE  PROCESSING 


By 


T.  G.  Wang*,  M.  M.  Saffren,  and  D.  D.  Elleman 
Jet  Propulsion  Laboratory 
Pasadena,  California  91103 


SUMMARY 


By  readily  levitating,  positioning,  and  manipulating  materials 
placed  in  it,  the  acoustical  resonator  can  serve  a variety  of  space 
processing  operations,  such  as  drawing  crystals,  degassing*  and  stirring 
of  melts,  and  casting. 


*Paper  presented  by  T.  G.  Wang. 
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V-tr.v  .gene  n,u  ul.u’turiiu;  processes  will  require  manipulat itig  weightless  molten 
material  within  a i miUinfr  without  the  material  making  contact  with  the  walls. 
Electromagnetic  fields  can  position  and  shape  electrically  conducting  melts. 

The  acoustical  method  described  here  can  control  any  molten  material  including 
nonconductor w such  as  glasses. 

The  method  utilizes  the  fact  that  when  an  acoustical  standing  wave  is  excited 
within  an  enclosure,  or  resonator,  the  pressure  is  greater  at  the  nodes  of  the 
wave  amplitude  than  the  antinodes  (there,  practically  zero);  consequently, 
liquids  and  particles  Introduced  into  the  resonator  will  be  driven  away  from 
too  nod.-'-  at  t no  chamber  walls  toward  tne  ant  inodes,  where  they  collect  and 
remain  until  the  excitation  ceases.  Slightly  modifying  the  acoustic  field  will 
rotate  the  collected  material,  a technique  recently  proven  in  our  laboratory 
bv  poiti  u:  i a g an)  rotating  soap  bubbles  and  styrofoam  balls. 

U.e  tec  an  i quo  n;is  many  applications  to  space  processing:  zone  melting,  casting, 

crystal  growing,  cast ing  of  composites,  casting  materials  with  dispersed  voids, 
and  chemical  synthesis.  Altering  the  shape  of  the  resonator  will  alter  the 
shape  of  tne  ant  modal  region  and  cause  a melt  to  assume  a particular  form  — 
for  instance,  that  of  a cylinder,  one  particularly  suited  to  zone-refining  a 
melt.  I n t rodue i n ■>  sound  waves  at  frequencies  corresponding  to  resonant  modes 

or*  * e • !*  .-ill  oscillate,  and  so  stir  it.  A movable  u\a  1 ] in  the  resonator 
,\  < Ay  making  the  anitnodes  move  apart.  Rotating  the  me  1 t can 
deg  is  and  control  the  segregation  of  substances  within  it.  Laser  and  ion  beams 
can  be  u .*'d  tor  contactless  heating  of  the  melt. 

The  1 nnrimrv  model  of  the  rectangular  resonant  chamber  as  shown  in  Figure  (1) 
c on ‘i  L "» t j ■ 1 1 a x * 1 / 2”  x 5n  plexiglass  rectangular  box  and  three  coxcre  ia  1 1 y 

made  g on’  . t hv’-'r-,.  ihose  drivers  are  mounted  at  the  center  of  tne  orthogonal 
plain-  of  the  box.  In  order  to  maximize  the  efficiency  of  the  system,  three 
aluminum  spacers  were  used  to  make  the  total  distances  from  the  diaphrams  of  the 
speakers  to  the  inner  walls  of  the  chamber  equal  to  the  inner  dimensions  of  the 
re  - o n . i ■ • t ; tomber. 

MO 


The  resonant  chamber  and  the  speaker  driver  units  are  acoustically  coupled  through 
the  twelve  1/8"  holes  which  are  drilled  radially  symmetrically  around  the  center 
of  three  orthogonal  planes.  This  arrangement  will  pick  out  the  part  of  the  wave 
front  that  has  same  phase  angle  to  enter  the  resonant  box.  When  the  chamber  was 
driven  at  the  one  of  its  resonance  nodes  by  acoustical  compressional  drivers,  the 
ambient  pressure  is  maximum  at  the  nodes  of  the  wave  and  is  minimum  at  the  anti- 
nodes. Consequently  there  is  a tendency  for  liquids  and  particles  introduced  into 
such  enclosures  to  be  drive  toward  the  antinodes  where  the  materials  collect  and 
remain  until  excitation  ceases. 

The  average  ambient  pressure  change  AP  in  a sound  wave  is 

— t U2  (1) 


Where  P is  the  excess  pressure,  II  is  the  particle  velocity,  and  C is  density  of 
medium. 


The  pressure  profile  in  our  system  can  be  derived  as  following: 


The  wave  equation  $ for  our  rectangular  chamber  can  be  expressed  as 


iw  t iu>  t iu)  t 

$ * 6 cosk  X e X + $ cosk  Ye  ^ + 4>  cosk  Ze  Z (2) 

x x y y z z x 7 


Where  $ are  the  complex  velocity  potent ial  amplitudes  ot  standing  waves  of 

x , y , z 

frequency  u>  and  wavelength  constant  k v/ith  a velocity  C. 

' x,y,z  & x,y,z 
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the  particle  velocity  U by  definition  is 


U - M> 

The  momentum  conservation  condition  gives  us 


(3) 


P - -C4>  (4) 

Thus,  AP  is  minimum  at  center  of  the  chamber  as  shown  in  Figure  (II),  when 
drivers  are  operated  at  lowest  resonance  modes  of  the  chamber. 

For  this  acoustical-levitation  device  to  position  and  shape  a melt,  it  must  be 
able  to  maintain  resonance  even  as  the  ambient  temperatuie  changes  from  one 
extreme  to  another.  Temperature  extremes  will  be  caused  by  first  melting  qnd 
then  resolidifying  the  material  within  the  chamber.  JPL  has  developed  an  auto- 
matic frequency  control  (based  on  a phase-locked  loop)  to  maintain  resonance 
despite  temperature  excursions  within  the  chamber. 

In  a forced  oscillation  system  the  complex  displacement  X is 


X 


w 


-j 

"[RnTT 7~ 


Fej,Jt 

(vm  - s/w) ] 


(5) 


where  F is  the  driving  force,  R is  the  resistance,  M is  the  mass,  and  S is  the 
restoring  constant.  Without  solving  the  real  part  of  this  equation,  one  can 
easily  see  thar  a resonance  where  wm  * s/w,  the  complex  displacement  X is  90° 
phase  lag  with  respect  to  the  driving  force.  This  is  a well  known  but  rarely 
mentioned  property  of  acoustical  systems.  The  principle  of  phase  locking  is  to 
monitor  the  driving  frequency  so  that  the  input  signal  has  90°  phase  lead  with 
respect  to  the  acoustical  signal  inside  the  chamber  at  all  times. 
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We  tested  the  controller  by  simulating  a temperature  shift  with  helium-air 
mixtures — changing  the  gas  in  the  chamber  from  100%  air  through  intermediate 
mixtures  to  100%  helium.  This  variation  in  gas  density  and  resulting  change  of 
velocity  of  sound  simulated  a change  of  temperature  from  25°  to  2000°C.  The 
fundamental  resonance  frequency  of  the  chamber  varied  from  1.5  to  4.2  KHz  during 
the  simulated  temperature  rise.  The  automatic  controller  maintained  the  pressure 
profile  in  its  original  pattern  throughout  the  test.  Significantly,  a styrofoam 
sphere  levitated  at  the  center  of  the  chamber  remained  there  throughout  the  test 
with  no  measured  motion  or  oscillation;  this  indicated  that  no  unwanted  oscilla- 
tion was  occurring  in  the  servo  system. 

The  acoustical  wave  pattern  does  change  as  a function  of  boundary  conditions  at 
the  walls.  Would  this  change  make  material  being  processed  come  in  contact  with 
the  wall  of  the  chamber,  and  then  the  material  on  the  wall  distort  the  wave 
pattern  and  produce  instabilities,  causing  catastrophic  failure  of  levitation? 

The  answer  is  We  mapped  cut  the  acoustical  pattern  of  the  chamber  with  a 

lave r of  water  in  it.  As  you  can  see  from  F-3,  the  sound  intensity  maintained 
its  symmetry  until  the  water  layer  reached  a thickness  of  3 cm.  A thick  layer  of 
water  on  the  wall  has  the  same  effect  as  decreasing  the  chamber  dimensions  by 
the  water  layer's  thickness.  Repeating  the  experiment  with  oil  and  with  alochol 
gave  the  sane  results.  So  we  see  no  fundamental  difficulty  in  using  this  device 
for  splat  cooling  as  developed  by  Bell  Telephone  Laboratory  where  by  melts  are 
quickly  cooled  by  projecting  them  onto  a wetted  surface. 

How  does  a temperature  gradient  affect  the  acoustical  wave  patterns  in  a space- 
manufacturing  furr.ace?  A zero-g  environment  eliminates  gravitation- induced 
convection.  A molten  material  positioned  in  the  middle  of  the  chamber  can  only 
disperse  its  heat  by  radiation.  Due  to  this  inefficient  heat  transfer,  the 
temperature  around  the  molten  material  will  be  much  higher  than  at  the  wall.  Will 
this  extreme  temperature  gradient  affect  the  sound-intensity  profile,  and  what 
will  the  acoustic  wave  do  to  the  temperature  gradient?  As  you  will  see,  not 
much  happens. 
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We  took  a glass  cylinder  24-in,  long  and  7-in.  in  dia.  and  fitted  a disk  heater 
into  one  end  and  a speaker  driver  on  the  other;  we,  measured  the  temperature  and 
sound  intensity  profiles  first  independently  then  simultancoulsy , F-4  and  F-5 

show  the  results.  The  temperature  gradient  doesn’t  distort  the  resonant  condi- 
tion. The  acoustical  field  slightly  improves  the  heat  conductivity  of  gas  without 
much  altering  of  the  shape  of  the  profile.  That  is,  neither  will  the  temperature 
gradient  affect  the  positioning  ability  of  the  chamber  nor  the  acoustic  field 
significantly  modify  melting  and  solidification  processes. 

As  one  anticipated  use,  an  acoustical-levitation  "furnace"  can  serve  to  grow 
ultra-pure  single  crystals  with  a minimum  of  defects.  Moreover  it  would  be  con- 
venient to  be  able  to  grow  a crystal  and  then  test  it  in  the  same  chamber  to 
prevent  contaminating  or  flawing  it  in  a transfer  from  the  furnace  to  a separate 
test-chamber.  Testing  in  the  furnace  would  also  save  time.  To  test  the  purity 
of  ultrapure  metals,  for  example,  a convenient  method  is  to  measure  its  resistivity 
at  very  low  temperatures.  The  resistivity  measurements  could  be  made  by  the  eddy- 
currents  magnetically  induced  in  a levitated  sample  eliminating  any  need  to  put 
electrical  leads  on  the  sample.  Measurements  of  this  type  are  often  conducted  at 
temperatures  below  2.du. 

How  does  such  a temperature  affect  the  acoustic  levitation  chamber?  Tests  were 
carried  out  a 1.3K,  and  the  acoustic  pattern  showed  no  dramatic  deviation  from 
that  at  room  temperature. 

While  we  can  expect  significant  evolution  of  this  and  many  other  space  processing 
equipment  once  space  processing  begins,  this  evolution  can  begin  now  on  Earth. 

In  this  respect  we  should  mention  the  apparatus  utilising  a high-power  acoustic 
driver  shown  in  F-6.  The  driver  is  a high-Q  aluminum  cylinder  with  a resonance 
frequency  of  approximately  16  KHz.  In  a l-£  field  the  apparatus  can  levitate 
water  droplets,  glass  spheres,  and  metal  plates  as  shown  in  F-7,  F-8  and  F-9.  We 
plan  to  use  it  in  the  laboratory  to  study  crystal  growth  of  levitated  melts. 
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f::gure  5.  the  acoustic  profile. 


FIGURE  6.  THE  HIGH  POWER  ACOUSTIC  DRIVER 
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FLUID  MOTIONS  IN  A LOW-G  ENVIRONMENT 

By 

P.G.  Grodzka  , S.V.  Bourgeois,  M.R.  Brashears, 
and  L.  W.  Spradley 

Lockheed  Missiles  & Space  Company,  Inc. 

Huntsville,  Alabama  35807 


SUMMARY 

The  importance  of  natural  convection  and  other  fluid  motions  in  low-g 
space  processing  is  now  well  recognized.  Recent  space  experiments  in  the 
areas  of  natural  convection  and  material  processing,  as  well  as  results  of 
theoretical  studies,  have  yielded  much  needed  information  on  fluid  behavior 
in  low-g  environments.  The  state  of  knowledge  of  fluid  motions  in  low-g 
environments  is  reviewed  and  the  dimensional  analysis  approach  used  to 
assess  the  relative  importances  of  various  driving  forces  for  fluid  flow  in 
four  of  the  Skylab  material  processing  experiments  outlined.  Results  of 
dimensional  analyses  for  the  Skylab  experiments,  subsequently  confirmed  by 
actual  space  data,  are  presented.  Finally,  the  limits  of  dimensional  analysis 
in  assessment  studies  are  indicated. 

INTRODUCTION 

Fluid  phases  are  an  inherent  feature  of  most  projected  space  manu- 
facturing processes.  In  these  processes  products  are  produced  from  fluids 
which  are  manipulated  in  a variety  of  ways.  Fluid  manipulations  in.  low-g 
may  consist  of  levitating  heated,  uncontained  fluid  masses;  heating  and  cool- 
ing contained  fluid  masses;  applying  various  forces  to  fluid  masses  for 
shaping  purposes;  and  applying  various  force  fields  for  mixing,  separating  or 
positioning  purposes.  Fluid  motions  resulting  from  various  manipulations 
may  be  generally  classified  as  thosr  arising  from  direct  force  application 
(stirring,  pumping,  and  film  forming)  and  spontaneous  fluid  motions  arising 
from  a variety  of  indirect  causes.  Among  these  latter  spontaneous  motions 
are  natural  convective  motions  caused  by  various  combinations  of  thermal 
or  concentration  gradients  and  various  force  fields.  Flows  such  as  spreading 
of  a liquid  on  a solid  or  on  another  liquid  which  occur  in  order  to  decrease 
system  free  energy  are  also  examples  of  the  latter  category.  In  low-g  en- 
vironments most  of  the  aforementioned  motions,  both  forced  and  spontaneous, 
will  differ  substantially  from  motions  initiated  by  similar  me^ns  in  a one-g 
environment.  Flui  1 motions  as  a function  of  gravity  level  are  of  concern  in 
low-g  space  processing  applications  because  fluid  motions  can  affect  not  only 
the  shapes  of  fluid  masses  but  also  internal  profiles  of  temperature,  con- 
centration, and  immiscible  particl e distribution.  These  possibilities  can 
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afford  unique  opportunities  for  processing  advantages  or  can  be  the  source 
of  undesirable  problems. 

Until  recently,  little  information  on  actual  fluid  behavior  in  the  low-g 
environment  was  available.  Experiments  and  demonstrations  performed 
aboard  Apollo  14,  ] 5,  16,  17  and  Skylab  II,  II,  and  IV  as  well  as  results  of 
recent  theoretical  studies,  however,  have  begun  to  narrow  the  knowledge  gap 
in  the  area.  In  the  remainder  of  this  paper  the  state  of  knowledge  of  fluid 
motions  in  low-g  environments  is  reviewed.  The  review  is  divided  into  the 
following  fluid  flows  and  behaviors:  natural  convection;  flows  associated  with 
spreading;  flows  associated  with  surface  deformation;  shear  induced  flows;  and 
trajectories  of  levitated  fluid  masses.  Following  the  review  of  low-g  fluid  be- 
haviors, a brief  outline  of  the  dimensional  analysis  approach  used  to  assess 
the  relative  importance  of  various  driving  forces  for  fluid  flow  in  four  of  the 
Skylab  material  processing  experiments  is  outlined.  Results  of  dimensional 
analyses  fwr  the  Skylab  experiments  subsequently  confirmed  by  actual  space 
data,  are  presented.  Finally,  the  limits  of  dimensional  analysis  in  assess- 
ment studies  are  indicated. 

REVIEW  OF  LOW-G  FLUID  MOTIONS 
A.  NA'l  URAL  CONVECTION 

Convective  flows  are  classified  as  internal  or  external.  Internal  flows 
are  those'  in  which  the  total  iluid  contained  within  a cavity  or  enclosure  is 
affected;  the  motions  of  water  heated  in  a kettle,  for  example.  In  external 
flows  only  a small  portion  of  the  total  fluid  is  affected  significantly;  a plume 
of  warm  smoke  rising  from  a cigarette,  for  example.  Both  cases  are  of 
interest  tor  space  manufacturing  purposes.  Internal  convection,  however, 
is  ot  immediate  relevancy  because  of  many  current  space  experiment  design 
considerations.  External  convective  flows  are  more  relevant  to  specific  de- 
tails ot  a processes  mechanism,  c.g.,  convective  plumes  from  a growing 
dendrite.  Theoretical  treatments  of  the  two  cases  are  quite  dissimilar. 
Boundary  layer  solutions,  assuming  that  the  fluid  outside  the  boundary  layer 
is  unallocated,  are  usually  adequate  to  describe  external  pr  o blems  . More 
complex  solutions  are  usually  required  for  internal  problems.  Internal  con- 
vective flows  in  low-g  environments  were  reviewed  in  a recent  paper  CO  • 
Highlights  ot  that  work  along  with  brief  accounts  ol  some  development?  are 
presented  subsequently.  External  convection  is  also  reviewed  briefly.  Be- 
fore these  reviews  are  considered,  however,  it  may  be  well  to  reiterate  the 
caution  stated  in  Reference  1 regarding  extrapolating  experimental  or  theo- 
retical results  on  convection  obtained  for  one  set  or  range  of  boundary  con- 
ditions to  another  set  or  range  of  boundary  conditions,  ^uch  action,  if  Hone 
without  careiul  consideration,  can  result  in  serious  error. 

Internal  Convection  (Highlights  of  R e for  once  1 and  Some  Recent  Devel- 
opm ent s);  In  low-g  environments  convective  driving  forces  other  than  gravity 
will  be  of  comparable  or  predominant  importance.  Among  these  possible 
driving  forces  are  various  accelerations  (including  gravity),  surface  tension 
(vapor /liquid  interface),  interfacial  tension  (liquid/liquid  interface),  elec- 
tric fields,  magnetic  fields,  and  internal  molecular  forces. 
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Ill  II 


On  earth  a constant  gravity  acceleration  of  980  cm/sec^  (one-g)  is 
experienced  by  bodies.  In  a spacecraft  both  constant  and  varying  accelera- 
tions occur  to  varying  extents  depending  on  the  mission  phase.  Steady  g- 
levels  result  from  spacecraft  rotation,  gravity  gradients,  solar  wind  and 
solar  pressure.  Varying  g-levels  result  from  engine  burns,  attitude  control 
maneuvers,  and  onboard  vibrations  from  machinery  or  astronaut  movement. 
Varying  g-levels  have  been  called  g -spikes,  disturbance  environments,  or 
g-jitter. 

Convection  caused  by  constant  gravity  accelerations  can  be  of  signif- 
icant vigor  in  certain  situations  even  at  the  10*"°  g -level  or  lower.  The 
major  determining  parameters  are  amount  of  fluid  involved  and  heating 
direction  with  respect  to  the  gravity  vector.  Data  from  the  Apollo  14  and 
17  heat  flow  and  convection  experiment  [z,  3,4,  5]  , as  well  as  temperature 
and  pressure  data  from  the  Apollo  15  cryogenic  tanks  [6,  7j  show  that  g-jitter 
also  can  result  in  convection  of  significant  vigor  oven  in  relatively  small  con- 
tainers. Furthermore,  g- jitter  is  apt  to  be  more  of  a problem  in  low-g  en- 
vironments than  in  a one-g  environment  because  steady  g -acc  elerat  ions  have 
a damping  effect  on  g-jitter.  Computer  studies  are  currently  underway  to 
determine  frequency,  amplitude,  and  vibration  form  effects.  These  studies 
are  utilizing  an  existing  computer  solution  of  the  Navie r-Stokes  equations  for 
natural  convection  in  an  enclosure  [8]  . The  solution  was  modified  to  include 
the  effects  of  a time-varying  g Tevcl,  Two  g-jitter  profiles  have  been  used 
as  test  cases:  (1)  a sine  wave  g versus  time  with  a period  of  1 second  and 
(Z)  a saw-tooth  profile  with  a period  of  0.5  second.  The  mean  g-level  was 
varied  from  g = 1.0  to  g = i 0 ~ -C  A matrix  of  cases  was  processed,  with 
amplitudes  ranging  from  10~2  to  10“^  g.  Three  different  configurations 
have  been  used  to  determine  the  effect  of  geometry  on  g-jitter  convection. 

A cylinder  of  mercury,  a rectangular  box  of  water,  and  a cylinder  of  helium 
gas  were  used  as  typical  configurations. 

Analysis  of  the  results  cf  the  computer  runs  is  still  in  progress,  but 
preliminary  data  does  show  some  interesting  trends  and  effects.  These  can 
be  summarized  as  follows:  (1)  the  sine  wave  g-profile  has  very  little  effect 
on  the  heat  transfer:  (Z)  the  saw-tooth  g-jitter  profile  significantly  affects 
the  slow  patterns  and  heat  transfer  for  g-levels  of  10“^  and  larger;  (3)  the 
liquids  show  more  g-jitter  effects  than  the  gas;  (4)  maximum  temperature 
differences  of  10%  were  observed  between  the  constant  g solutions  and  the 
g-jitter  solutions.  (This  corresponds  to  Z0°C  out  of  Z00°C  on  the  average); 

(5)  g-jitter  changed  the  constant  g unicell  flow  patterns  in  the  cylinder  of 
mercury  to  a multicell  pattern;  and  (6)  g-jitter  appears  to  have  more  of  an 
effect  on  ’’heating  from  the  side”  problems  than  on  "heating  from  below" 
problems.  No  quantitative  results  will  be  presented  at  this  time  pending  a 
more  complete  analysis  of  the  analytical  data. 

Closely  related  to  g-jitter  convection  is  thermoacoustic  convection. 

A suddenly  heated  wall  causes  adjacent  iluid  to  expand.  This  sudden  ex- 
pansion sets  up  acoustic  waves  which  propagate  into  the  fluid.  Given  a 
sufficient  heat  rate,  certain  container  dimensions,  and  dissipative  mech- 
anisms, a thermoacoustic  vibration  can  be  sustained  as  long  as  the  appro- 
priate boundary  conditions  are  maintained.  Recent  theoretical  studies 
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predict  significant  low-g  thermoacoustic  convection  in  gases  given  a suffi- 
ciently high  heating  rate  [8]. 

Surface  tension-driven  cellular  convection  was  demonstrated  on  both 
the  Apollo  14  and  17  spaceflights  [2,  3,4,  5^.  The  cellular  convection  ob- 
served in  the  Apollo  14  flight  experiment  showed  conclusively  that  cellular 
convection  can  be  caused  by  surface  tension  alone.  The  Apollo  14  experi- 
ment further  showed  that,  as  in  1-g,  a critical  value  of  the  temperature 
gradient  must  be  exceeded  before  cellular  convection  is  initiated.  Further- 
more, a polygonal  cellular  pattern  was  seen  as  the  preferred  pattern  in  a 
thin  liquid  layer  of  uniform  thickness.  Similar  flow  pattern  experiments 
were  conducted  aboard  Apollo  17.  The  Apollo  17  data  showed  that  the  sizes 
of  the  observed  surface  tension  cells  compared  quite  well  with  the  values 
predicted  by  Pearson's  linear  analysis  of  surface  tension -driven  cellular 
convection  [9j.  The  experiments  further  showed  that  the  surface  tension- 
driven  cellular  convection  occurs  at  lower  temperature  gradients  in  low-g 
environments  than  in  1-g  environments.  The  easier  convection  onset  in 
low-g  than  in  1-g  was  surprising  because  Nield's  linear  analysis  of  cellular 
convection  [lO]  which  considers  the  coupling  between  surface  tension  and 
gravity  predicts  that  surface  tension  and  gravity  reinforce  each  other  strongly. 
Furthermore,  Nield's  analysis  has  received  experimental  verification  in  one-g 
L l l]  * A number  of  explanations  for  the  surprising  Apollo  17  result  were  con- 
sidered. It  was  concluded  that  the  formation  of  large  surface  tension- 
driven  cells  which  tend  to  be  the  same  size  as  those  caused  by  gravity  is 
hindered  by  gravity.  Smaller  size  suxface  tension-driven  cells,  however, 
reinforced  g ravity -driven  cells.  The  occurrence  of  a critical  condition  for 
convection  onset  in  the  Apollo  17  case  is  the  result  of  the  influence  of  the  re- 
taining side  walls.  Data  were  also  obtained  from  the  Apollo  17  experiments  on 
the  flow  patterns  at  the  onset  of  convection  in  low-g.  Both  rolls  and  cells 
were  observed,  an  observation  somewhat  at  variance  with  the  general  belief 
that  rolls  are  associated  with  g ravity- driven  convection  and  cells  with  surface 
tension- driven  convection. 

Figures  1,  2 and  3 show  cellular  convection  obtained  in  a ground  test, 
in  the  Apollo  14  flight  test,  and  in  the  Apollo  17  flight  test.  In  these  pictures 
a pan  of  oil  containing  suspended  aluminum  flakes  to  render  the  flow  pattern 
visible  was  heated  from  below. 

Non-cellular , surface -tension-driven  convection  wao  demonstrated  or 
observed  in  a number  of  flight  experiments  (see  Reference  1 for  details). 
Ripples  observed  on  some  of  the  samples  crystallized  from  the  melt  in  the 
Skylab  multi-purpose  furnace  furthermore  bring  to  mind  the  surface-tension 
generated  phenomenon  of  rythymic  crystallization.  This  phenomenon  was 
observed  in  ground  experiments  over  forty  years  ago.  Thin  films  of  a num- 
ber of  molten  substances  have  been  observed  to  crystallize  in  a rythymic 
fashion  [\  2 j . One  explindtion  of  rythymic  cr  y stallizati6n  [13]  is  that  the 
evolution  of  latent  heat, once  crystallization  begins,  rendez  s surrounding  melt 
more  mobile  and  diminishes  its  surface  tension.  The  mobile  melt  is  there- 
fore drawn  toward  cooler  portions  of  the  melt  by  the  higher  surface  tension 
of  the  cooler  melt.  A ridge  of  melt  forms  which  quickly  crystallizes,  re- 
peating the  cycle. 
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El ectrically -driven  fluid  flows  were  observed  in  the  Apollo  16  Electro- 
phoresis Demonstration  [l4].  The  Apollo  16  data  indicate  that  the  observed 
flows  were  probably  of  the  electro- osmotic  variety.  Recent  exploratory  work, 
however,  indicates  that  flows  caused  by  polarization  forces  in  aqueous  electro- 
lyte solutions  are  also  possible  (see  Reference  1 for  details). 

Finally,  some  inferred  evidence  was  found  for  phase  change  convection 
in  some  returned  flight  samples.  When  a liquid  freezes  the  solid  formed 
usually  has  a somewhat  higher  density  than  the  liquid  and  hence  a smaller 
volume.  This  shrinkage  on  freezing  causes  a corresponding  fluid  flow  in  the 
liquid;  liquid  flows  toward  the  solioifying  interface.  Depending  on  the  speed 
of  crystallization,  a number  of  fluid  flow  phenomena  can  occur.  At  high 
crystallization  speeds  (such  as  occurs  when  super-cooled  metals  crystallize), 
acoustical  disturbances,  cavitation  effects,  grain  size  transition,  develop- 
ment of  cavitation  pits  on  constrained  surfaces,  and  the  presence  of  pressure 
pulses  can  occur.  (See  Reference  1 for  details.) 

External  Convection:  Analytical  solutions  for  steady  laminar  convection 

have  been  obtained  for  the  following  cases  [15]: 

Vertical  surface  in  a thermally  unstratified  medium 

Vertical  surface  in  a stably  stratified  medium 

Vertical  surface  in  a stably  stratified  medium  with  viscous 
dissipation 

Vertical  surface  with  a distributed  energy  source  in  the 
fluid 

Vertical  surface  with  mass  addition 

Plumes  arising  from  concentrated  energy  sources,  and 
Axisymmetric  flows. 

The  last  two  cases  are  of  particular  interest  at  the  moment  because  of  their 
relevancy  to  convection  associated  with  growing  dendrite  crystals.  For  ex- 
ample, silver  crystals  were  grown  horn  silver  nitrate  solution  aboard  vSkylab 
IV  (Skylab  IV  vSc’^nco  Derr  onstration  T V 106).  1 he  growth  mechanism  in- 

volved electrochemical  reduction  of  silver  ions  by  copper  metal.  During  a 
ground  performance  of  the  d emonst ration  convective  plumes  could  be  seen 
with  the  aid  of  a schlicren  system  to  oe  rising  from  growing  silver  dendrites 
and  falling  from  the  copper  wire.  Needless  to  say  the  silver  crystals  re- 
turned from  the  Skylab  IV  demonstration  were  different  in  a number  of  re- 
spects from  the  ground  grown  crystals,  the  differences  being  the  result  of 
different  convection  vigors  and  patterns.  Analyses  of  the  experimental  data 
are  still  in  progress.  A brief  report  of  preliminary  results,  however,  is 
available  [l  6]  . 

Boundary  layer  flow  associated  will1  a heated  vertical  wall  is  a well- 
known  concept  in  fluid  mechanics.  A schematic  of  the  streamlines  associated 
with  a convective  boundary  layer  is  shown  in  the  sketch  on  the  following  page: 
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Temperature  and  velocity  profiles  associated  with  a convective  boundary 
layer  may  be  represented  as  follows  [l7]: 


where  T is  temperature 

u is  velocity 

6 is  boundary  layer  thickness. 

It  may  occur  in  some  cases  that  velocity  and  temperature  do  not  fall  off  to 
their  values  in  the  bulk  of  the  fluid  at  the  same  point.  In  that  case  we  speak 
of  thermal  and  momentum  boundary  layers  separately.  In  cases  such  as 
solution  growth,  concentration  boundary  layers  also  apply  [l8].  Obviously 
if  a process  is  controlled  in  one-g  by  mass  or  heat  transport  rates,  the 
process  will  be  very  much  affected  by  a reduced  gravity  environment.  In 
the  case  of  dendrite  growth  we  can  expect  significant  gravity  effects  because 
dendritic  growth  is  generally  agreed  to  be  a mass  or  heat  transport  con- 
tr  olled'pr  ocess . The  streamlines  associated  with  a dendrite  growing  from 
solution  in  a one-g  environment  would  probably  appear  somewhat  as  shown 
in  the  sketch  on  the  following  page: 
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In  the  classical  case  of  convection  from  a vertical  plate  the  thickness 
of  the  boundary  layer  is  proportional  to 


x Gr 


-1/4 

x 


where  Gr  is  the  Grashof  number  and  is  given  by 


where 

x 

g 

P 

AT 

v 


Gr  = gpf  *3. 

x 2 

v 

vertical  distance  from  bottom  of  plate 
gravity  acceleration 
volumetric  expansion  coefficient 
the  temperature  difference  at  x 
kinematic  viscosity. 


At  low-g  the  Grashof  number  becomes  quite  small  and  the  boundary-layer 
approximation  no  longer  applies  [l9].  The  exact  point  at  which  a boundary  - 
layer  approximation  no  longer  applies,  however,  is  an  individual  matter 
depending  on  the  particular  circumstances  or  boundary  conditions  of  an 
experiment  or  process.  Also  even  at  very  low-g  or  small  Grashof  numbers 
all  convection  cannot  be  automatically  assumed  unimportant.  For  example, 
it  has  been  shown  that  while  convection  is  negligible  in  comparison  with  con- 
duction near  a heated  body,  it  becomes  as  important  at  distances  from  the 
body  of  the  order  of  (Gr)'n  where  n varies  between  l/3  and  1 / Z depending 
on  body  shape  £20]  . 
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It  is  expected  that  the  Skylab  IV  silver  crystal  growth  demonstration 
will  provide  information  on  how  convection  affects  dendritic  growth.  The 
only  other  known,  reported  study  which  has  considered  this  question  ex- 
plicitly is  one  in  which  tin  crystals  were  grown  in  a centrifuge  [2lJ.  It  was 
found  in  that  study  that  the  first  stages  of  crystal  growth  consisted  of  plate- 
like dendrites.  The  crystals  exhibited  no  preference  in  orientation  until 
approximately  4g  - 5g . It  is  speculated  that  the  observed  change  in  crystal 
growtn  direction  at  5 g was  caused  by  convective  effects. 

B.  SPREADING  FLOWS 

Low -G  Liquid  Configurations  and  Films;  Low-g  liquid  behavior  de- 
pendent on  one  liquid  spreading  or  wetting  a solid  or  another  liquid  has  a 
number  of  potential  lcw-g  space  processing  applications:  casting,  formation 
of  inverse  bubbles,  coating,  encapsulation,  and  braze  joining. 

A liquid  transferred  from  one  container  to  another  or  from  one  gravity 
environment  to  another  will  exhibit  various  fluid  motions  until  an  equilibrium 
configuration  is  attained.  Not  only  is  the  equilibrium  attained  as  a function 
of  gravity  but  so  also  is  the  attainment  rate.  The  types  of  equilibrium  con- 
figurations attainable  at  zero-g  are  summarized  in  Figure  4. 

In  the  Apollo  14  Heat  Flow  and  Convection  Demonstration  [4,  b]  the  flow 
pattern  experiment  was  designed  to  contain  a thin,  uncovered  layer  of  oil  in 
a pan  whose  bottom  was  to  bo  heated.  The  pan  was  designed  with  a wettable 
bottom  and  unwettable  sides.  It  was  expected,  therefore,  that  a layer  of  oil 
somewhat  as  shown  in  the  rectangular  geometry,  10%  full  case  c,  of  Figure  4 
would  be  obtained.  However,  either  because  of  aging  or  other  unknown  effects, 
the  sidewalls  were  wetting  when  the  experiment  was  performed  in  low-g  so 
that  a configuration  somewhat  as  shown  in  the  rectangular  geometry,  10%  full 
case  a,  of  Figure  4.  The  cell  was  redesigned  with  baffles  as  shown  in  the 
following  schematic  for  Apollo  17. 


698 


The  new  arrangement  performed  well  and  significant  data  were  obtained  [z, 3]. 

During  the  SkyTab  IV  Science  Demonstrations,  Astronaut  Pogue  de- 
lightedly reported  that  he  had  Invented  a zero-g  drinking  cup.  His  invention 
consists  of  the  following  essentials: 


Handle 


Astronaut  Pogue  demonstrated  his  invention  and  even  showed  a drawing  of  it 
on  TV  tape  [23].* 

The  time  interval,  t,  for  a liquid  to  attain  a new  configuration  when  its 
gravity  environment  is  suddenly  changed,  e.g.,  drop  tower  or  sounding  rocket 
tests,  can  be  estimated  from  the  following  formula  [24^ 

, K dV1(»),/2 


wher  e 

K = a constant  dependent  on  container  geometry  and 
magnitude  of  gravity  change 

D = significant  container  dimension 

p = liquid  density 

a = liquid/vapor  surfac  e tension  . 

The  preceding  formula  resulted  from  an  experimental  study.  More  insight 
into  the  roles  of  contact  angle  and  gravity  can  be  gained  by  considering  the 
complete  momentum  conservation  equation  for  liquid  flow  in  capillary  tubes 
[25J  . This  is  given  by: 

2 a c os  9 L 8|i  L dh  /dh\2  u d2h  A 

P 8 h - -f  h 5T  - P[ dt  j ' ph  ~T  = 0 

r at 
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where 


r = tube  radius 

0 = contact  angle  between  liquid  and  tube 

h = liquid  height  in  tube 
li  = coefficient  of  viscosity. 

This  equation  does  not  have  a 3imple  solution.  However,  the  equation  does 
tell  us  that  the  rate  of  capillary  climb  is  dependent  both  on  the  contact  angle 
and  the  gravity  level. 

A preflight  analysis  of  the  Skylab  M552  Exothermic  Brazing  Experi- 
ment [26]  based  on  considerations  such  as  discussed  in  the  preceding  para- 
graphs predicted  an  increased  rate  and  uniformity  of  spreading  in  low-g  and 
better  brazed  joints  as  a result.  Another  predicted  low-g  effect  was  a more 
symmetrical  interface  at  the  free  surface  of  the  filler  and  capillary  spread- 
ing in  a wider  gap  than  possible  in  a one-g  environment.  Both  predictions 
were  fulfilled  in  the  flight  experiment. 

Related  to  rates  of  spreading  or  capillary  rise  are  thicknesses  of  liquid 
films.  Formulas  have  been  derived  for  determining  the  liquid  film  thickness, 
h0,  on  the  surface  of  a solid  withdrawn  from  a liquid  at  rest  [27].  These 
formulas  are  as  follows: 


• For  small  withdrawal  velocities  (uq  p « cr) 


h 

o 


0.93  ( n uo)2/3  ct'1//6 


(Pg) 


-1/2 


• For  large  withdrawal  velocities  (uq  jjl  >>  a) 

h . py/2 

0 l Pg  J 


Spreading  in  zero-g  on  a flat  surface  will  occur  if 


S 


SV 


SL 


LV 


> 0 


where  a represents  interfacial  tension  and  the  subscripts  S,  _L,  and  V indicate 
the  solid,  liquid  and  vapor  phas  e 3,  r especti vely  [28,  29j  . If  S is  negative,  the 
liquid  will  again  conform  to  its  minimum  energy  configuration  which  is  a 
spherical  segment  with  a solid-liquid  control  area,  A,  defined  by  [30] 


A = 


1/3  . 2„  ..2/3 

7T  ' sm  0 V 7 


(.*  - cos 9) 
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where 


0 = contact  angle 
V = volume  of  the  liquid 

For  S > 0,  the  rate  of  spreading  depends  on  the  viscosity  and  density  of 
the  liquid  and  the  surface  roughness.  Many  analyses  exist  for  the  rate  and 
manner  of  spreading  and  film  thickness  under  the  controlling  influence  of 
gravity  [31,  32]  f but  these  relationships  cannot  be  applied  to  zero-g  cases. 

The  preceding  discussions  of  spreading  or  wetting  also  have  not  considered 
any  rate  effects  connected  with  the  contact  between  liquid  and  solid.  In 
reality,  however,  a number  of  contact  angle  non-equilibrium  effects  have 
been  observed  [33]. 

A surface  wetting  demonstration  was  proposed  and  approved  for  Skylab 
IV.  The  purpose  of  the  wetting  demonstration  was  to  investigate  the  manner 
in  which  liquids  spread  over  solids.  This  is  important  in  the  possible  space 
manufacturing  of  thin  film  materials,  especially  in  the  adhesion  casting  pro- 
cess. The  spreading  speed  and  thickness  uniformity  will  determine  the 
feasibility  of  this  processing  technique.  Practical  applications  include  semi- 
conductors, unique  laminated  structural  materials,  electromagnetic  switch- 
ing devices  for  computers,  electro-optical  and  magneto-optical  materials 
for  laser  communications  devices.  Only  materials  normally  onboard  Skylab 
were  required  for  this  demonstration. 

The  technical  objective  of  this  demonstration  was  to  observe  t^e  spread- 
ing rate  and  the  uniformity  of  thickness  of.  a wetting  liquid  as  it  spreads  over 
a solid  substrate.  Initially,  a thin  layer  of  liquid  will  immediately  spread 
over  the  entire  surface  with  a thickness  on  the  order  of  molecular  spacings. 
The  driving  force  for  this  spreading  is  solid-liquid-gas  surface  energies. 
Further  intrinsic  spreading  of  the  remaining  liquid  occurs  by  liquid-gas  inter- 
facial energy.  This  latter  spreading  will  be  much  slower;  or  may  stop  com- 
pletely. No  data  exist  for  the  prediction  of  the  intrinsic  bulk  spreading  rate, 
but  time  to  approach  uniform  thickneus  may  exceed  reasonable  process  times 
hy  orders  of  magnitude  [2 8,3  l]  . 

The  Skylab  IV  astronauts  were  unable  to  conduct  the  surface  wetting 
portion  of  Science  Demonstration  TV- 107,  Fluid  Mechanics  Series  [23].  The 
TV-107  series  consisted  of: 

A.  Oscillation  Damping  Time 

B.  Surface  Wetting 

C.  Droplet  Impacts  and  Coalescence 

D.  Vortex  Formation  and  Damping. 

The  A,  C and  D portions  were  completed,  however,  during  the  Skylab  IV 
mission. 

Preliminary  review  of  the  available  TV  films  indicates  that  contact 
angles  of  grape-colored  water  on  glass  were  approximately  90  degrees  for 
a 1.5-inch  diameter  droplet  which  was  filmed  during  TV  107-A.  Wetting 
of  Krytox  oils  on  solid  substrates  may  have  been  filmed  during  the  floating 
zone  demonstration,  TV-101. 
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Drops  and  Inverse  Drops;  Producing  unique  composites  by  dispersing 
one  immiscible  material  within  another  is  a current  space  processing  con- 
cept [34].  In  the  Apollo  14  Composite  Casting  Demonstration  Experiment  [35] 
greater  degrees  of  dispersion  of  two  immiscible  materials  (paraffin  and  sodium 
acetate  trihydrate)  within  each  other  were  obtained  in  samples  processed  dur- 
ing flight  than  in  samples  similarly  processed  on  the  ground.  Another  notable 
feature  of  the  space  processed  samples  was  the  formation  of  duplex  disper- 
sions or  closed  shells  of  one  fluid  surrounding  and  surrounded  by  another  fluid. 
A number  of  various  samples  were  also  processed  in  the  low-g  environments 
of  a drop  tower,  an  aii  craft  during  a climb-dive  maneuver,  and  aboard  Sky  lab 
[36,  37].  These  also  showed  greater  degrees  of  dispersion  than  samples  pro- 
cessed on  earth. 

Drop  formation  is  governed  by  the  sum  of  a number  of  forces,  as  given 
by  the  following  relationship  [38]. 


= F + 


Fk  • Fa  - 


where  Fg  is  a gravity  force,  a kinetic  force,  F^  an  interfacial  tension  force, 
and  Fd  a&drag  force.  The  drop  volume  at  the  moment  of  drop  formation,  V^, 
can  be  thought  of  as  composed  of  two  parts  [38]:  an  equilibrium  volume,  Veq, 
and  a dynamic  volume,  or 


and 


= V +V, 
dr  eQ  d 


V , = V +qt  . 

dr  eq  rl 


where  q is  the  flow  rate  of  liquid  into  the  dr  op,  cm^/s  ec,  and  t . is  the  time 
period  during  which  the  drop  is  released.  The  work  from  which  the  preceding 
relationships  were  obtained  [38]  presents  further  mathematical  development 
of  relationships  predicting  drop  volumes  for  drops  formed  at  non-wetted 
capillaries  in  liquid -liquid  systems.  The  cited  work,  however,  does  not  take 
into  account  the  role  of  interfacial  tension -d riven  convection  in  determining 


To  the  author  s’ knowledg  e a full  mathematical  treatment  including  inter  - 
facial  tension  convection  has  as  yet  not  been  published.  The  work  of  J.T. 
Davies  and  others  [39],  however,  indicates  that  inter  facial  tension  convection 
does  play  a very  important  role  in  drop  or  emulsion  formation.  For  example, 
the  spontaneous  emulsification  of  benzene,  toluene,  or  xylene  and  strong  solu- 
tions of  dodecylamine  hydrochloride  is  attributed  to  interfacial  turbulence 
generated  by  interfacial  tension  gradients.  The  turbulence  has  the  effect  of 
tearing  away  drop®. 

Very  little  is  known  about  the  formation  of  duplex  dispersions  or  closed 
shells  of  one  fluid  surrounding  and  surrounded  by  another  fluid.  Such  closed 
fluid  shells  have  been  found  in  a number  of  liquid-liquid  systems  [40]:  oil  in 
water  and  water  in  oil.  Closed  shells  of  gas  within  a liquid  (inverse  bubbles) 
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have  also  been  reported.  The  possibility  of  producing  duplex  dispersions 
(sometimes  called  inverse  bubbles)  in  zero-g  was  discussed  in  an  earlier 
report  [il].  The  mechanism  by  which  inverse  bubbles  are  formed  is  shown 
in  the  following  sketch  taken  from  Reference  42. 


Gas  bubble 
deformed 
by  eddy 


Approach  by  opposite 
sides  to  give  an  air 
film 


Detachment  of 
inverse  bubble 


If  two  immisible  liquids  are  present  in  a third  liquid,  a possibility  of  still 
another  type  of  inverse  bubble  exists.  Suppose  one  liquid  preferentially 
’’wets”  another.  Bubble  (droplet)  coalescence  may  then  occur  a.s  illustrated 
in  the  following  sketch, 

Liquid  C 

©—Mb) 

Bubbles  Approach 


B lbbles 
Coalesce 


MB"  Wets  and 
Spreads  over  MA’ 


Recent  experiments  with  pure  water  and  with  water  containing  surface 
active  agent  [4  3]  have  show^n  that  inverse  bubbles  (thin,  spherical  films  of 
air  enclosed  by  liquid)  are  sensitive  to  electric  fields.  Application  of  an 
electric  field  destroys  the  bubbles,  suggesting  that  self-generated  electric 
fields  may  be  responsible  for  inverse  bubble  stability.  Another  study  [44], 
however,  indicates  that  fluid  flow  may  also  play  a role.  Drops  of  water 
were  floated  on  a water  surface.  It  was  demonstrated  that  a concave  film 
of  vapor  flowing  radially  supports  the  floating  drops.  The  radial  flow  also 
causes  internal  motions  in  the  floating  drops.  Still  other  investigators  [4  3], 
interestingly  enough,  determined  that  an  inverse  bubble  is  more  stable  if 
the  effect  of  gravity  can  be  overcome,  so  that  the  bubble  would  not  rise  or 
sink.  They  devised  an  experiment  in  which  the  inverse  bubble  is  held  in  the 
center  of  a rotating  liquid  mass  and  found  that  as  expected  the  inverse  ouobies 
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lasted  as  long  as  the  rotation  continued.  The  area  of  interfacial  forces  and 
dynamics  is  clearly  one  which  should  receive  more  development. 

C.  SURFACE  DEFORMATION-INDUCED  FLOWS 

Flows  in  this  section  are  addressed  to  motion  induced  by  normal  (per- 
pendicular) stresses  at  a liquid-vapor  interface.  These  normal  stresses  are 
typified  by  the  mechanical  (jetting)  force  of  the  electron  beam  in  the  Skylab 
M551  (Electron  Beam  Welding)  and  M553  (Sphere  Forming)  experiments  [26]. 
Such  stresses  result  in  surface  deformations;  and,  in  combination  with  sur- 
face tension  and  inertia  forces,  can  lead  to  sloshing  actions  and  even  splat- 
tering (unstable  sloshing).  These  motions  are  accentuated  in  low  gravity. 

The  following  discussion  illustrates  surface  deformation-induced  flow  in 
space  processing  applications. 

Sloshing ; During  electron  beam  welding,  sloshing  of  the  molten  metal 
leads  to  the  phenomenon  known  as  spiking  which  occurs  in  the  partial  penetra- 
tion welds  of  the  stainless  steel  samples  in  the  M551  experiment.  This  phe- 
nomenon is  illustrated  in  Figui  e 5.  The  following  mechanism  was  proposed 
for  spiking[45,  46].  Each  time  the  electron  beam  penetrates  to  the  base  of 
the  weld  (no  melt  barrier  remains),  a spike  is  formed.  The  severity  of  the 
spiking  depends  on  the  frequency  of  the  oscillation  and  the  welding  speed  as 
well  as  the  material  properties.  The  sloshing  of  the  melt  can  give  rise  to 
increased  porosity  in  the  fusion  zone  if  contaminant  gas  bubbles  are  trapped 
at  the  weld  base  when  the  molten  m^tai  flows  back  into  the  cavity.  These 
bubbles  are  then  frozen  if  the  cooling  rate  is  sufficiently  rapid.  Sloshing 
may  also  induce  cold  shuts  and  cracks  as  the  melt  falling  back  into  the  cavity 
might  not  bond  to  the  already  frozen  spike  walls.  It  also  leads  to  very  effi- 
cient mixing  in  the  melt  and  should  produce  a very  homogeneous  fusion  / one. 

A theoretical  analysis  of  the  melt-beam  dynamics  described  above  and 
in  Figure  5 show  that  spiking  frequency  is  predicted  by  l26,  46] 


The  preceding  analysis  considered  welding  a horizontal  plate  from  above. 
Equation  (1)  should  not  be  expected  to  generate  exact,  rigorous  results  to 
match  actual  M551  experimental  data.  It  can,  however,  be  utilized  to  pre- 
dict a low  gravity  variation  in  the  stainless  steel  electron  beam  welds.  As 
predicted  in  Equation  (1),  spiking  frequency  varies  inversely  with  gravity 
level.  Using  the  experimental  conditions,  physical  prop^-ties  and  beam 
parameters  for  the  M551  stainless  steel  experiment  and  assuming  levels  of 
superheat  in  the  melt,  Equation  (1)  predicts  oscillation  frequencies  shown 
in  Figure  6. 
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In  the  limit  as  g 


0,  Equation  (1)  yields, 


10 


(2) 


which  means  that  spiking  cannot  occur  below  2027°C  for  stainless  steel.  The 
surface  tension  force  overcomes  any  jetting  due  to  vaporization  at  lower  sur- 
face temperatures.  This  is  indicated  by  imaginary  numbers  in  Equation  (2). 

Splattering ; In  the  M551  experiment  a question  arises  as  to  the  stability 
of  the  molten  dwell  pool  in  low  gravity.  An  instability  might  develop  in  the 
molten  puddle  formed  during  the  dwell  mode  of  the  M551  experiment,  wherein 
the  liquid  might  not  adhere  and  separate  from  the  solid  disk  or  violent  splat- 
tering may  occur  due  to  unstable  oscillation  of  the  melt/vapor  interface. 

This  splattering  could  be  caused  by  the  momentum  force  associated  with  the 
impinging  electron  beam. 

The  latter  instability  mechanism  has  been  treated  recently  by  Berghmans 
[47].  He  performed  a theoretical  study  of  fluid  interface  stability  with  special 
attention  being  given  to  the  role  of  surface  tension.  It  was  motivated  by  its 
possible  application  to  the  splattering  of  molten  metal  as  observed  during 
electric  arc  welding. 


r>erghmans'  study  concluded  that  the  weld 
if  the  following  condition  was  met, 

We2  <1.04+3.3  Bo2 


■»i/i  nr 


interface  would  be  stable 


where  We  = 2 Pm  R/a  is  a modified  Weber  number,  Bo  = (p^  - py)  g R /a  is 
a Bond  number,  Pm  is  the  average  beam  mechanical  pressure  exerted  over 
the  dwell  puddle  and  R is  the  beam  radius.  The  analysis  is  exact  if  viscous 
and  inertia  effects  are  unimportant  as  far  as  stability  is  concerned.  Oth^r 
assumptions  are  the  radial  pressure  distribution  in  the  beam  impingement 
area  is  exponential  and  the  beam  radius  is  negligible  in  comparison  to  the 
dwell  pool  radius. 


The  criterion  expressed  by  Equation  (3)  was  applied  to  each  of  the  M551 
materials  and  for  gravity  levels  between  ground  tests  (g  £ = 980  cm/sec^)  and 
those  of  Skylab  (g  = 10-5  gjr).  Beam  diameter  was  also  varied  between  0.635 
and  C.07  cm  with  corresponding  average  beam  pressures  of  15.3  and  1060 
dynos/cm^,  respectively.  For  each  of  the  preceding  cases, 


We2  < 


10 


-2 


therefore,  the  momentum  force  of  the  electron  beam  will  not  be  a cause  of 
weld  pool  splattering  in  the  M551  experiment. 


D.  SHEAR-INDUCED  FLOWS 


When  liquid  containers  rotate  or  vibrate,  the  walls  induce  tangential 
stresses  on  the  liquid  which  induce  nonuniform  flow  within  the  liquid.  Excel- 
lent treatises  on  this  type  of  flow  in  low-g  are  given  by  Habip  [48J,  Abramson 
[49,50],  and  Moiseyev  [5 1]  for  vibrating  containers;  whereas  Greenspan  [52] 
and  Benton  [53]  give  analyses  for  rotating  containers. 

Transient  rotation  and  vibration  of  containers  may  be  significant  in 
certain  space  processing  applications,  such  as  during  sounding  rocket  flights. 
Just  before  the  low-g  portion  of  these  flights,  the  rockets  are  despun  from 
150  down  to  15  rpm.  Even  with  despin  platforms,  despin  will  lead  to  spin- 
down  ratios  of  5 rpm  down  to  1 rpm. 

The  time  to  reach  a new  steady-state  flow  profile  when  container  rota- 
tion is  suddenly  increased  from  a constant  angular  velocity  to  another  is 
termed  spinup,  while  the  converse  situation  is  referreo  to  as  spindown  time. 
For  a finite  cylindrical  container  completely  filled  with  liquid,  spinup  and 
spindown  times  are  shown  in  Figure  7 for  various  Rossby  numbers.  The 
Rossby  number,  e,  is  given  by  f = 1 - A^/ A ^ for  spinup  and  by  f = (A  ^ /A0)  - 1 
for  spindown  where  Aq  - initial  container  angular  velocity  and  Aj  = final 
angular  velocity. 

In  a sounding  rocket  with  a despin  platform,  r is  approximately  -0.8. 
Utilizing  typical  space  processing  container  dimensions  ((cylinder  8 inches 
long  by  0.75  inch  diameter),  the  spindown  times  (to  reach  1%  of  final  state) 
for  various  fluids  are  shown  below: 


* 

Spindown 

Fluid 

(Seconds) 

Mercury 

120 

Water 

50 

Kr  ytox  oil  (AZ  ) 

28 

Carbon  dioxide 

1 3 

HeJ  ium 

4 

Thus  it  can  be  seen  that  these  shear  induced  flows  can  be  important  when 
three-minute  low-g  sounding  rocket  flights  are  cont  emplat  ed . For  other 
space  processing  environments  such  as  Skylab  or  ASTP,  vibration  rather 
than  rotating  shear  flows  are  more  important  [ 2 ]. 

E.  TRAJECTORIES  OF  LEVITATED  FLUID  MASSES 

A practical  cons  id  eration  in  a number  of  low-g  space  processing  con- 
cepts is  how  to  manipulate  matter  so  that  a'  liquid  mass  can  be  freely  levitated 
and  then  heated,  cooled,  or  stirred.  The  first  consideration  in  achieving  this 
objective  is  how  to  position  the  liquid  or  solid  mass  in  a freely  levitated 


At  1 atm  and  room  temperature. 


706 


condition.  The  second  consideration  is  how  to  keep  the  liquid  positioned 
during  processing. 

In  low-g  a fluid  mass  may  be  set  into  relative  motion  (internal  or  con- 
vective motions  are  here  excluded)  by  a number  of  forces.  Among  these 
may  be 

• Reaction  forces  due  to  vapor izati on  or  degassing 

• Various  action  forces  such  as  the  impingement  of  an 
electron  beam  or  jet  of  gas,  and 

• Attractive  and  repulsive  forces  generated  by  gravity 
and  electric  or  magnetic  fields. 

Relative  motion  is  opposed  by  cohesive  and  adhesive  forces. 

These  concepts  were  applied  to  the  M553  experiment  flown  aboard  the 
Skylab  [30].  The  objective  of  the  experiment  was  to  deploy  liquid  spheres 
(obtained  from  electron  beam  melting)  in  a vacuum  chamber  and  achieve  con- 
tainerless low  gravity  solidification.  In  order  to  predict  the  motion  of  the 
molten  sphere,  a trajectory  program  was  developed  that  included  allowances 
for  the  electron  beam  force,  deployment  velocity  considerations  (surface 
tension  effects  ),  vaporization  force  based  on  three-dimensional  temperature 
history,  Skylab  orbit  considerations,  and  additional  general  force  routine. 

The  general  force  routine  was  included  specifically  to  allow  analysis  of  ex- 
periments conducted  in  KC-135  at  rc. raft  flying  ballistics  trajectories  to 
achieve  low-g  environments.  Accelerometer  data  recorded  during  the  flights 
served  as  input  to  the  routine. 

A typical  sequence  of  events  consisted  of  initiation  of  the  electron  beam 
with  impingement  on  a solid  metal  cylinder.  Formation  times  for  spherical 
portions  occurs  very  rapidly  after  melting  as  shown  by  the  calculation  in 
Table  I.  Fully  molten  spheres  were  usually  obtained  in  3 to  6 seconds.  Os- 
cillations (30  to  40  Hz)  occur  due  to  perturbations  and  to  "overshoot”  as  a 
result  of  surface  tension  surface  area  minimization. 


Table  I - Formation  Times  for  M553  Materials 


M553  Materials 

P 

(7 

R 

T 

(g/cm3) 

(dyne/ cm) 

(cm) 

(sec) 

Ni 

7.85 

2050 

.3175 

.011 

Ni-  12%  Sn 

7.80 

1500 

.3175 

.013 

Viscous  effects  will  damp  out  the  oscillation  in  time;  however  due  to  the 
relatively  low  viscosity  of  liquid  metals,  the  time  is  on  the  order  of  tens  of 
seconds  for  spheres  of  a fraction  of  a centimeter  in  diameter.  In  fact  for  a 
0.6  cm  nickel  sphere,  a 3 second  decay  time  constant  results  requiring  15 
seconds  for  09%  decay  and  30  seconds  tor  99.99%, 
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After  complete  melting,  the  experiment  was  designed  to  deploy  the 
molten  sphere.  It  was  found  that  the  vaporization  force  controlled  the  tra- 
jectory if  deployment  occurred  rapidly  after  electron  beam  cutoff.  A 
schematic  of  this  situation  is  shown  in  Figure  8 corresponding  to  a particular 
run  in  a March  l°72  KC-133  experiment. 

A photographic  sequence  from  the  same  flight  is  shown  in  Figure  9. 

Here  the  specimen  adhered  to  the  pedestal  for  0.3  second  after  completely 
melting  (t  = 0 corresponds  to  a completely  molten  sphere).  This  time  allowed 
isothermal  correlations  to  result  before  deployment  thus  producing  a gravity 
controlled  motion  (the  gravity  component  in  the  film  was  directed  to  the  lower 
left).  The  oscillations  about  the  spherical  shape  are  also  evident  in  the  photo- 
graphs. For  a detailed  discussion  the  reader  is  referred  to  References  30 
and  34. 

PREDICTING  LOW-G  FLUID  MOTION  VIA  DIM  ENSIONAL  ANALYSIS 

Dimensionless  parameters,  such  as  the  Rayleigh  and  Marangoni  num- 
bers, maybe  thought  of  as  ratios  of  physical  forces.  Thus  when  a particular 
ratio  is  » 1,  the  force  associated  with  the  numerator  dominates  that  of  the 
denominator,  and  vice  versa  wnen  the  ratio  is  « 1.  In  certain  well  studied 
problems,  critical  values  exist  for  these  dimensionless  parameters  (ratios) 
such  that  a change  of  state  occurs  as  the  critical  value  is  exceeded  and  one 
force  overcomes  the  other. 


The  likelihood  of  natural  convection  arising  in  a fluid  and  its  order  of 
magnitude  if  id  (.lues  occur  can  be  estimated  for  buoyancy  (gravity)  induced 
conditions  by  examining  a dimensionless  parameter  called  the  Rayleigh  num- 
ber (Ra).  A similar  analysis  can  be  applied  for  surface  tension-induced 
motion  in  fluids  with  free  surfaces  by  examining  a dimensionless  parameter 
termed  the  Marangoni  number  (Ma).  These  numbers  are  defined  by 


Ra 


-«gATL3 

va 


wher  e 


Ma 


g 

= 

g ravity 

3 

= 

thermal  expansion  coefficient 

AT 

temperature  difference  across  the  fluid 

L 

depth  or  width  of  the  fluid 

a 

- 

surface  tension 

- 

absolute  visrcMty 

V 

= 

kinematic  viscosity 

a 

thermal  diffusivity. 

The  Rayleirh  number  fherefore,  the  weighted  ratio  of  the  buoyancy  force 
to  the  viscous  force,  ."h.^oas  the  Marangoni  number  is  the  corresponding 
ratio  of  surface  tension  i ' viscous  force.  Ln  each  number,  the  numerator 
contains  the  driving  force  with  the  denominator  representing  the  restraining 
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force.  Thus  the  tendency  for  achieving  sustained  convective  motion  is  greater 
as  the  numbers  increase.  As  they  surpass  their  critical  values,  the  driving 
forces  overcome  viscous  restraining  forces  and  a change  in  flow  occurs;  i.e., 
a transition  from  no-flow  to  laminar  convection  or  from  laminar  to  turbulent 
convection  occurs. 

\ 

TVtc  ratio  of  Ra  and  Ma  to  their  respective  critical  values  (Rac  and 
Mac),  which  are  determined  by  geometry,  type  of  containment  and  direction 
of  heating,  determines  the  onset  and  magnitude  of  fluid  flow.  If  either  Ra/ 

Rac  or  Ma/Mac  exceed  unity,  flow  will  occur  and  heat  transfer  through  the 
fluid  increases  because  the  convective  heating  is  superposed  to  the  conductive 
and  radiative  modes  existing  before  flow  initiates.  As  these  ratios  increase, 
the  magnitude  (velocity)  of  flow  increases  until  turbulence  finally  occurs  and 
the  amount  of  convective  heat  transfer  also  increases.  Normally  this  relation 
is  linear  on  a log -log  plot  in  a given  regime.  When  heating  from  the  side  in 
a gravity  field,  fo~  example,  the  critical  Rayleigh  number  is  shown  to  be 
zero  from  theoretical  considerations  [55].  Experimental  results  have  shown, 
however,  that  a certain  finite  critical  condition  must  be  exceeded  before  heat 
transfer  is  increased  over  that  of  conduction  and  radiation  ^56].  Upon  heating 
from  below,  the  liquid  layer  remains  stable  to  fluid  flow  as  well  as  convective 
heat  transfer  until  a relatively  large  critical  condition  is  exceeded.  For  a 
liquid  layer  bounded  on  bottom  with  a solid  wall  (heating  element)  and  on  top 
with  a free  surface,  Ra^  is  approximately  1100  £57]. 

The  preceding  quantities,  Mac  and  Rac,  are  dependent  on  such  prop- 
erties of  r h e fluid  and  container  as  the  Prandtl  number.  Biot  number,  aspect 
ratio,  heater  versus  fluid  thermal  conductivity,  sidewall  thermal  conditions, 
and  surlace  deformability  (crispation  and  Bond  numbers).  The  Prandtl, 

Biot,  and  Bond  numbers  are  dimensionless  ratios  which  often  appear  in  many 
other  engineering  problems.  The  aspect  ratio  is  a measure  of  the  geometrical 
symmetry  of  the  fluid  container,  and  as  such  it  also  appears  frequently  in  many 
engineering  problems.  The  crispation  group  appears  less  frequently  and  is 
utilized  in  the  study  of  capillary  waves.  The  definition  and  utility  of  each  of 
these  dimensionless  numbers  are  discussed  in  Reference  2. 

The  preceding  discussion  has  demonstrated  the  utility  of  dimensionless 
numbers  for  describing  certain  fluid  flow  phenomena.  It  was  noted  that  these 
numbers  are  extremely  useful  in  well  studied  problems  where  ranges  in  their 
values  have  been  identified  with  flow  regimes.  In  other  less  studied  problems, 
the  state  of  the  art  of  nondimensional  numbers  is  at  a very  primitive  stage  and 
they  must  be  used  discretely.  An  example  of  their  use  in  a complex  situation 
follows . 

One  of  the  Skylab  M512  experiments,  M553  Sphere  Forming,  involved 
melting  nickel  «oecimens  in  a vacuum  chamber  and  allowing  the  molten  sphere 
to  deploy  [p  i] . The  ensuing  tree-float  time  would  then  give  rise  to  container  - 
less  freezing.  The  nickei  was  melted  by  an  electron  beam  (eb). 

Application  of  dimensional  analysis  |j38,  59]  to  the  governing  equations 
for  eb  melting,  coupled  with  ground-hased  and  low-gravity  experiments,  en- 
abled prediction  of  the  extent  of  reduction  or  increase  of  motion  in  the  molten 
metal  and  'or  the  change  in  flow  pattern  in  eb  melting  in  space.  Possible 
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physical  forces  which  could  induce  fluid  flow  in  the  M553  experiment  and 
their  causes  include  [54]:  gravity,  Lorentz  forces,  electrostriction,  magneto- 
striction, electrostatic  forces,  surface  tension,  solidification  shrinkage, 
electron  beam  mechanical,  thermal  expansion,  vibration,  centrifugal  and 
coriolis,  vapor  pressure,  inertia  forces  and  viscous  forces. 

The  preceding  forces,  which  could  influence  fluid  flow  and  solidifica- 
tion, appear  explicitly  in  the  conservation  equations  which  apply  to  formation 
of  a molten  pool  by  electron  beam  heating  [54]  . From  the  many  possible  forces,  | 
the  controlling  physical  forces  can  be  determined  by  non -dimensioning  each  of  ! 

the  preceding  equations  and  performing  an  order -of-magnitude  comparison  on  ! 

the  various  dimensionless  groups  which  result  [58,  59]  . The  key  to  successful 
analysis  is  in  choosing  the  proper  reference  values;  i.e.,  since  no  freestream 
velocity  exists,  which  forces  do  we  equate  to  estimate  a "characteristic”  or  i 

"typical"  velocity.  Choosing  the  proper  characteristic  velocity  is  very  impor-  1 

tant,  since  the  reference  time,  temperature,  etc.,  usually  depend  on  this  velocity . I 

Examination  of  film  taken  during  both  KC-135  low  gravity  flight  experi- 
ments and  ground  tests  indicated  that  surface  flow  velocities  for  nickel  speci- 
mens were  approximately  20  cm/sec.  Of  the  possible  forces  affecting 
electron  beam  melting  only  those  shown  in  Table  II  yield  characteristic  velo- 
cities of  this  order  of  magnitude.  These  driving  forces  consist  of  couplings 
involving  surface*  tension,  grav'ty  or  Lorentz  (electromagnetic)  forces  with 
inertia  forces . 


I able  II  - Probable  Characteristic  Velocities  in  Election  Seam  Melting  [54J 


V elocity 

Controlling  Forces 

Functional  Form 

Value  (cm/sec) 
for  Nickel  in  M553 

Inertia  - Surface 

(ST/pL)l/2 

20 

T ension 
Inertia  = Lorentz 

(a’  E2  L/p)l/3 

1 

Inertia  = Gravity 

(gL)1/2 

18  at  1 gE 

Viscous  = Lorentz 

(a1  E2  L2/M)l/2 

6 at  10-4  gE 

7 

The  dimensionless  momentum  equation  which  determines  fluid  flow  in 
electron  beam  melting  becomes  (upon  choosing  the  surface  tension -inertia 
cna racter i st ic  velocity), 


1 8 V 1 

N P at  + n 
St  dt  iNOh 


P aT  + Ti—  P(V  .V)  V=  - 


2N 


VP  + V*V  + 


Oh 


Bo 

Oh 


2 N 


(Pg)  + 


N 


MI 

— (Vx  B/  x B 
Oh  . 


(4) 


710 


/ 


where 


- Stokes  number  = ^t/pL 
= duration  of  process/residence  time 
= Ohnesorge  number  = /i/VpLST 
= viscous  force/surface  tension  force 
= Bond  number  = pg  L^/ST 
= gravity  for c e/surfac e tension 
N^ii  = magnetic  interaction  number 
= B 2 L/2/j  'ST 

= magnetic  force/surface  tension 

1 

Using  physical  property  data  for  nickel  and  the  beam  parameters  for 
the  M553  experiment,  the  equation  reduces  to 

1°3  p |^+  103p(V.V)  V =-103VP  + V2V  + G(pg)  + 10' 1 (V  X B)  x B (5) 


where  ^ 

G = 10  for  earth  gravity 

G - 10  * for  expected  Sky  lab  gravity. 

This  order -of-magnitude  analysis  indicates  that  surface  tension  driven  con- 
vection will  occur  both  in  ground  tests  and  for  Skylab  conditions  because 

« 1.  This  is  confirmed  by  KC-135  M553  tests.  Furthermore,  a com- 
parable degree  of  gravity  driven  convection  will  exist  on  ground  tests,  but 
will  be  negligible  in  the  reduced  gravity  of  Skylab.  Thus  different  forces  will 
control  convection  on  earth  versus  Skylab.  The  preceding  analysis  also  indi- 
cates that  electromagnetic  or  Lorentz  forces  will  be  negligible  with  regard  to 
causing  fluid  motion. 

The  surface  tension  driving  force  considered  above  is  actually  a sur- 
face tension  gradient  caused  by  radial  and  lateral  temperature  gradients. 
Ignoring  convection,  gradients  of  at  least  several  hundred  degrees  Celsius 
per  centimeter  have  been  predicted  during  melting.  It  can  be  shown  by  di- 
mensional analysis  (equate  inertial  and  viscous  terms)  that  the  motion 
caused  by  the  initial  temperature  gradients  will  occur  in  less  than  0.1  second 
and  can  persist  for  60  seconds  after  removing  the  driving  force.  This  means 
that  tnere  will  be  some  fluid  motion  during  solidification  if  the  M553  speci- 
mens freeze  after  52  to  48  seconds  as  predicted  Melting  time  for  these 
specimens  is  approximately  3 seconds. 

Values  of  the  pertinent  dimensionless  groups  for  the  remaining  M553 
materials  are  given  in  Table  III.  As  can  be  seen,  no  significant  changes  are 
evident  from  the  preceding  conclusions  for  pure  nickel. 
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V. 


Table  III  - M553  Dimensional  Analysis 


M at erial 

NOh 

NBo 

1 

* 

NBo 

NBo 

NOh 

NOh 

NOh 

Ni-Sn 

4.4  x 10-4 

1.50 

2292 

3437 

.34 

Ni- Ag 

5.0  x 10'4 

1.53 

1991 

3043 

.30 

Ni-Cu 

4.45  x 10‘4 

1.54 

2107 

3241 

.32 

With  earth  gravity  (9.8  m/sec  ). 
+ - 4 

With  10  earth  gravity. 


Early  examinations  of  KC-135  and  ground  film  indicated  fluid  velocities 
of  300  cm/sec.  Dimensional  analysis  based  on  a characteristic  velocity  of 
300  cm/sec  would  have  yielded  the  following  controlling  forces  rather  than 
those  shown  in  Table  2:  coupling  Involving  surface  tension,  gravity  or  Lorentz 
forces  with  viscous  forces.  This  would  have  led  to  erroneous  coefficients 
appearing  in  Equation  2 and  entirely  different  conclusions  as  to  decay  times 
and  controlling  forces  on  earth  versus  Skylab  processing.  This  indicates  the 
importance  of  choosing  the  proper  characteristic  velocity  and  the  importance 
of  discrete  application  of  dimensional  analysis  to  complex  problems. 

A compilation  of  fluid  velocities  (on  the  molten  sphere  surfaces)  meas- 
ured from  movies  taken  during  Skylab,  KC-135  aircraft  and  terrestrial  proces- 
sing is  shown  in  Table  IV  [p4]  . The  variations  in  results  are  probably  due  to 
differences  in  material  compositions  and  beam  settings  (i.e.,  focus,  impact 
point,  voltage  and  amperage)  rather  than  gravity  effects.  As  discussed 
earlier  only  surface  tension  and  gravity  forces  are  predicted  to  produce  these 
velocities.  The  one  velocity  measurement  obtainable  from  the  Skylab  movie 
was  an  order  of  magnitude  lower  than  that  obtained  from  some  low  gravity 
KC- 1 35  aircraft  and  ground-based  movies,  but  vas  similar  to  ground  and 
KC-135  measurement's  also  obtained  long  aKei  complete  melting.  It  can  be 
concluded  that  no  significant  difference  in  magnitude  of  convection  occurred 
between  Skylab,  KC-135  and  ground  processing,  which  reinforces  the  theory 
of  surlace  tension  as  the  dominating  fore  3 for  fluid  motion.  This  demon- 
strates the  utility  of  dimensional  analysis  in  the  evaluation  of  complex  physical 
problems: 

• Prediction  of  vigorous  convection  on  Skylab 

• Selection  of  controlling  driving  forces  and 

characteristic  times  and  velocities  for  fluid 
motion.  •; 


Table  IV  - M553  Surface  Velocity  M rasur ements 


Processing 

Environment 

Gravity 

Level* 

(g) 

Sphere 

Material 

Fluid 

Velocity 

(m/sec) 

Time  of  Measurement 

Sky  lab 

10-4 

Ni-Ag 

0.02 

Very  long  after  melted 

Ground 

1 

Ni-Ag 

0.35  to 

From  early  to  complete 

0.40 

melt 

KC-135 

6 • 103 

Ni-Ag 

0.20 

Before  full  melt 

0.10 

Right  after  full  melt 

Ground 

1 

Ni 

0.15 

Before  complete  melt 

6.20 

0.33 

Ground 

1 

Ni 

i 

0.12 

Half  melted 

♦ 

Normalized  by  Earth  gravity. 


Limits  of  Dimensional  Analysis:  In  conclusion,  the  preceding  discus- 

d c 3 s numbers  for  describing 


sions  nave  demonstrated  the  utility  of  dimcn 


certain  fluid  flow  phenomena.  It  was  noted  that  order- of- magnitude,  dimen- 
sional analysis  is  extremely  useful  in  well  studied  problems  where  ranges 
in  their  values  have  been  identified  with  flow  regimes.  In  other  less  studied 
problems,  the  status  of  nondimensional  numbers  is  at  a very  primitive  stage 
and  careful,  discrete  use  must  be  made  of  them. 


At  a minimum,  the  following  information  must  be  known  before  realistic 
results  can  be  obtained: 


• All  the  possibly  important  physical  for  ;es  and 
energy  transfer  mechanisms, 

• Confident  estimates  of  important  characteristic 
or  reference  quantities  such  as  velocity,  temper- 
ature, length,  etc.,  and 

• The  algebraic  manipulations  [^8,  59j  required  to 
evaluate  order-of-magnitude  and  dimensional 
analyses. 

Meaningful  dimensional  analysis,  however,  requires  both  physical  insight 
and  comprehension  and  is  not  merely  an  exercise  in  algebra.  A great  deal 
of  information  can  thus  be  obtained  if  dimensional  axialysis  is  coupled  with 
the  general  equations  and  boundary  conditions  that  describe  the  problem. 
Furthermore,  its  success  depends  on  the  validity  and  existence  of  these 
basic  general  equations  that  describe  the  related  physical  phenomena. 
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FIG.  6 - MELT  SLOSHING  IN  MS 51  ELECTRON  BEAM  MELTING  OF  STAINLESS  STEEL 
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FIG.  7 - NORMALIZED  INSTANTANEOUS  DEVIATION  J)  OF  ANGULAR 

VELOCITY  FROM  THE  FINAL  VALUE  VERSUS  DIMENSIONLESS  TIME 
T IN  (A)  HYDRODYNAMIC  SPIN-UP  AND  (B)  HYDRODYNAMIC 
SPIN-DOWN,  FOR  VARIOUS  ROSSBY  NUMBERS  e 53 
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SUMMARY 

Electrophoresis  has  contributed  significantly  to  the  methodology  of  biological 
sciences,  and  shows  the  potential  for  large  scale  fractionation  of  a wide  range  of 
medically  important  substances,  including  living  cells.  Gravity  plays  an  important 
role  in  the  electrophoretic  process,  and  hence  the  importance  of  the  Nasa  effort  to 
develop  a zero-gravity  separation  facility  as  part  of  its  shuttle  program.  The  pres- 
ent paper  reviews  the  current  state  of  art  in  electrophoresis,  with  particular 
emphasis  on  the  role  of  gravity  and  the  possible  use  of  istachophoresis . This  tech- 
nique utilizes  a discontinuous  buffer  system,  and  appears  to  be  the  only  high 
resolution  electrophoretic  technique  currently  available  for  separation  of  living 
cells. 


INTRODUCTION 

Electrophoresis  is  defined  as  the  transport  of  electrically  charged  ions  or 
particles  in  a direct  current  electric  field.  It  is  the  most  elegant  and  useful  tech- 
nique for  separation  of  complex  biological  mixtures  of  proteins.  As  a result,  there 
has  been  a great  proliferation  of  electrophoretic  techniques  which  have  been  applied 
co  a wide  array  of  other  substances  as  well  (1-3). 

Most  of  the  applications  of  electrophoresis  are  on  an  analytical  or  micropre- 
parative scale.  It  has  not  yet  been  possible  tc  scale  up  electrophoresis  to  provide 
commercially  significant  quantities  of  materials  with  the  resolution  obtainable  on  a 
small  scale.  Another  area  in  which  electrophoresis  has  yet  to  reach  its  full  poten- 
tial is  in  separations  of  living  cells.  At  least  in  part,  both  of  these  shortcomings 
are  attributable  to  gravity.  This  is  why  Nasafs  concept  of  a zero  gravity  electro- 
phoresis facility  has  stimulated  the  imagination  of  so  many  scientists.  The 
development  of  such  a facility  may  constitute  a major  breakthrough  in  this  field 
and  bring  about  the  realization  of  the  full  potential  of  the  separating  capabilities  of 
electrophoresis . 

* Paper  presented  by  R.  S.  Snyder 
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The  scientific,  biomedical  and  even  economic  implications  of  such  r.  develop- 
ment could  be  of  major  significance.  Large  quantities  of  human  blood  proteins  are 
daily  fractionated  by  rather  archaic  methods  involving  alcohol  and  salt  fractionation, 
resulting  in  low  purity  and  poor  yields,  some  of  the  fractions  being  completely  un- 
available on  a commercial  scale  (4).  The  same  situation  prevails  with  enzyme  and 
protein-hormones.  All  of  these  products  have  widespread  clinical  and  research  ap- 
plications. 

Even  more  promising  is  the  possibility  of  applying  electrophoresis  to  cell 
separation.  While  it  is  well  established,  on  an  analytical  scale,  that  different  cells 
have  characteristic  electrophoretic  mobilities,  their  electrophoretic  6 >piration  jS 
as  yet  very  difficult  and  none  of  the  techniques  has  yet  shown  the  high  resolution  ob- 
tainable with  proteins  (5-7).  Pure  cell  populations  have  widespread  potential  uses  in 
a variety  of  applications  ranging  from  their  direct  transplantation  to  tissue  culture, 
preparation  of  specific  antisera,  vaccines,  etc. 

ROLE  OF  GRAVITY  IN  ELECTROPHORESIS 

At  first,  electrophoresis  was  carried  out  ir.  free  solutions,  but  it  was  soon 
realized  that  problems  arise  due  to  convective  disturbances  in  the  bulk  of  the  liquid. 

We  can  outline  several  major  causes  of  these  disturbances: 

(a)  the  sample  to  be  separated,  be  it  proteins  or  cells,  contribute  to  the  density  of 
the  solution  or  suspension,  causing  it  to  be  higher  than  that  of  the  pure  solvent, 
which  is  usually  an  appropriate  buffer.  The  difference  in  density  between  solu- 
tion and  pure  solvent  is  in  itself  sufficient  to  cause  convective  disturbances  if 
the  solute  is  present  in  significant  concentration.  The  problem  is  compounded 
during  the  separation  process,  as  the  original  sample  separates  into  different 
compartments  or  zones,  according  to  the  characteristic  mobility  of  each  com- 
ponent of  the  mixture.  Each  such  zone  is  accompanied  by  its  own  individual 
density  gradients. 

(b)  In  some  instances  the  particles  may  be  sufficiently  large  to  sediment  noticeably, 
which,  of  course,  is  the  case  with  living  cells.  While  there  are  a number  of 
techniques  which  utilize  differential  sedimentation  for  meaningful  separations 
(8),  in  the  context  of  electrophoresis,  this  is  usually  undesirable,  especially  as 

it  is  superimposed  upon  the  convective  flow  of  the  suspension  as  a whole,  described 
above . 

(c)  The  passage  of  electrical  current  causes  heating  of  the  solution.  As  the  vessels 
are  externally  cooled,  radial  temperature  gradients  arise,  again  causing  gravity- 
conditioned  convection.  Even  in  absence  of  convective  disturbances,  unequal 
temperature  results  in  unequal  transpoit  rates,  causing  bowing  of  zones. 

(d)  Characteristic  electrical  charge  is  exhibited  by  most  interfaces,  including  the 
walls  of  the  vessels  within  which  electrophoresis  is  carried  out.  These  charges 
are  neutralized  by  local  accumulation  of  opposite  charge  within  the  fluid,  in  the 
immediate  neighborhood  of  the  interface.  When  an  electric  field  is  applied,  It 
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causes  a flow  of  the  charged  fluid  along  these  interfaces,  referred  to  as  electro- 
osmosis. Often,  this  again  causes  a typical  parabolic  bowing  of  the  boundaries 
of  migrating  solutes. 

Gravity  is  the  obvious  causative  agent  in  the  first  three  of  above  disturbances, 
it  boing, however , without  effect  on  electroosmosis.  Thus,  by  the  simple  stratagem 
of  going  into  zero  gravity,  some  of  the  major  disturbances  in  electrophoresis  are 
eliminated. 

Other  approaches  to  the  control  of  these  phenomena  are  possible.  Complete 
avoidance  of  all  gravity  effects  is  obtainable  by  working  in  gels  or  other  solid  sup- 
porting media  of  fine  enough  porosity  to  effectively  hinder  bulk  flow,  but  not  fine 
enough  to  prevent  molecular  transport  phenomena.  A complex  electrophoretic  method- 
ology has  evolved  around  the  ust*  of  such  solid  supporting  media  which  we  need  not 
review  here,  since  they  do  not  enter  into  consideration  for  space  processing.  It  is 
those  reef  niques  which  have  given  us  the  best  methods  for  analysis  and  microprepara- 
tive sepaxation  of  proteins.  Unfortunately,  these  are  mostly  inapplicable  to  living 
cells,  because  of  their  large  size.  Our  next  speaker,  Dr.  Van  Oss,  will  surely  have 
more  pertinent  comments  on  this  subject.  Surprisingly  enough,  the  use  of  these  anti- 
convective  supporting  media  has  not  solved  the  problem  of  large  scale  protein  separation, 
for  a variety  of  reasons  too  complex  to  discuss  at  the  present  time. 

Another  a nticonveefive  measure  is  to  use  a stabilizing  density  gradient  In  the 
Tiselius  method,  the  proteins  themselves  fulfill  this  role,  but  as  a result  their  com- 
plete separation  is  not  possible,  and  only  frontal  analysis  is  used.  More  versatile  is 
the  use  of  sucrose  (or  other  similar  solutes)  gradients,  steeper  than  any  density  gradient 
engendered  by  the  electrophoretic  process.  Sucrose  of  different  concentrations  is 
layered  in  a vertical  column,  and  remains  essentially  undisturbed  by  the  electrophoretic 
process,  as  the  sucrose  is  not  electrically  charged.  This  approach  not  only  overcomes 
density-caused  convective  flows,  but  also  completely  suppresses  electroosmosis.  It  is 
not  quite  clear,  at  present,  why  this  is  so.  Sucrose  itself,  could  have  a dampening  ef- 
fect on  the  electrical  potential  of  the  wall  vessels,  similarly  to  the  well  known  effect  of 
more  complex  polysaccharides,  such  as  agarose.  On  the  other  hand,  it  is  also  possible 
that  the  sucrose  density  gradient  is  sufficient  to  prevent  the  flow  of  the  fluid  in  the  ver- 
tical direction,  along  the  vertical  walls  of  the  column,  simply  causing  microcirculation 
of  the  fluid  at  each  level  of  the  concentration  gradient. 

Another  method  of  stabilizing  fluids  against  gravity  effects  has  been  pioneered  by 
Hannig  (6).  A thin  film  of  fluid  (0.  1-0.2  cm)  is  contained  between  two  parallel  plates 
of  glass,  ard  the  viscosity  of  this  film  is  sufficient  to  minimize  convective  flows.  This 
system  is  used  in  so-called  continuous  curtain  electrophoresis  type  of  apparatus,  where 
the  whole  film  of  fluid  is  continuously  flowing  downwards  between  the  cooled  plates, 
while  the  electrophoretic  transport  is  carried  out  in  a direction  perpendicular  to  the 
flow  of  liquid.  While  the  viscosity  of  the  film  is  sufficient  to  minimize  the  convective 
effects,  it  causes  parabolic  zone  profiles  due  to  the  downward  flow  of  the  whole  liquid, 
as  discussed  by  Strickler  and  Sacks  (9).  These  shortcomings  notwithstanding,  this  tech- 
nique has  given  so  far  the  best  published  data  on  separations  of  living  cells.  An 
ingenious  apparatus  based  on  this  principle  has  been  proposed  for  space  testing,  and  is 
scheduled  to  be  tested  in  the  forthcoming  Apollo-Soyuz  flight.  Spice  does  not  permit  us 
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to  describe  the  apparatus  in  detail,  and  it  is  to  be  regretted,  for  the  completeness  of 
the  present  symposium,  that  a separate  paper  on  this  subject  was  not  included. 

Numerous  other  methods  have  been  suggested  for  overcoming  the  gravity  effects, 
such  as  the  rotating  horizontal  tubes  explored  by  Hjerten  (10),  but  have  not  gained 
generalized  acceptance. 

It  is  thus  obvious  that  consciously  or  not,  the  whole  methodology  of  electrophoresis 
has  evolved  around  the  need  to  circumvent  the  effect  of  gravity;  this  has  given  rise  to  the 
multiple  methods  involving  anticonvective  support  media,  and  the  various  other  approaches 
just  outlined.  .*• 

Basically,  two  alternatives  are  available  in  free  solutions:  various  static  column 
techniques  or  the  flowing  techniques.  In  either  case,  if  we  deal  with  a background  of 
homogeneous  electrolyte  distribution,  we  have  Tiselius  electrophoresis  (frontal  analysis), 
various  zone  electrophoresis  methods  (differing  from  the  Tiselius  technique  in  giving  com- 
plete separation  of  components  into  separate  zones),  or  the  microscope  electrophoresis 
(no  separation  at  all  - just  microscopic  examination).  On  the  other  hand,  it  is  possible 
to  superimpose  discontinuities  onto  the  electrolytic  system.  In  many  ways  these  tech- 
niques are  far  more  interesting,  the  discontinuities  adding  new  discrimination  parameters 
onto  the  electrophoretic  process: 

(a)  If  membranes  and/or  filters  are  inserted  into  the  migration  pathway,  we  have  a family 
of  allied  techniques  known  as  forced-flow  electrophoresis,  electrophoresis-convection, 
or  electrodecantation  (11-12).  All  are  high  throughput  methods,  capable  of  large- 
scale  industrial  application,  but  have  only  limited  resolution,  and  are  therefore 
outside  the  scope  of  the  present  inquiry. 

(b)  If  gel  density  is  made  sufficiently  high,  an  element  of  molecular  sieving  is  super- 
imposed upon  the  electrophoretic  separation  (13).  This  results  In  far  better  resolution 
than  zone  electrophoresis,  but  the  method  has  low  throughput.  Unfortunately,  it  has 
not  been  possible  to  devise  sufficiently  porous  gels  to  permit  the  application  of  this 
principle  to  cells . 

(c)  Equally  high  resolution  is  obtained  in  isoelectric  focusing,  (14),  where  a continuous 
pH  gradient  is  created  in  the  pathway  of  migrating  particles.  The  technique  is  ap- 
plicable either  in  free  solution  or  in  gels,  but  is  unfortunately  not  usable  with  cells, 
their  isoelectric  point  being  incompatible  with  their  survival. 

(d)  One  can  also  introduce  the  sample  to  be  separated  in  the  interface  berween  two  homo- 
genous buffers,  meeting  some  special  requirements.  This  technique  is  referred  to 
as  isotachophoresis,  and  has  characteristics  quite  different  from  the  above  methods. 

We  set  upon  examining  this  in  detail  for  possible  use  in  the  space  facility,  as  it 
seemed  to  offer  some  unique  advantages  for  both  high  resolution  cell  separation, 

and  large  scale  protein  fractionation. 
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PRINCIPLE  OF  ISOTACHOPHORESIS 


The  fundamental  theoretical  basis  of  this  technique  was  provided  by  Kohlrausch 
in  1897  (15;,  and  his  principles  were  first  applied  to  electrophoresis  by  Kendall  (16). 
The  method  was  revived  largely  by  Martin  and  Everaerts  (17),  but  only  in  recent  years 
have  various  researchers  realized  the  potential  usefulness  of  the  principles  involved 
(18-21). 

These  can  be  illustrated  with  the  aid  of  the  simple  diagram  presented  in  Fig.  1. 
The  sample  anions  S‘  to  be  fractionated  are  inserted  between  two  homogeneous  buffer 
zones  formed  by  the  leading  anions  L~,  and  the  terminating  unions  T~,  the  unique 
requirement  for  the  leading  and  terminating  anions  bcirg  that  they  bracket  the  electro- 
phoretic mobilities  ( m ) of  ail  the  sample  anions,  with  the  leading  ion  mobility  being 
higher,  and  the  terminating  ion  mobility  lower  than  those  of  the  sample  ions: 

( mj_>  ).  Electric  neutrality  is  preserved  by  Having  in  all  compartments 

the  same  counterion  C4 . When  an  electric  field  is  applied,  the  leading  ions  will  mi- 
grate towards  the  anode  at  their  characteristic  velocity  in  the  given  field.  The  sample 
ions  and  the  terminating  ions  will  have  to  migrate  at  the  same  velocity  or  the  leader 
ions  (isotachophoresis  = equal  rate  transport),  as  otherwise  an  ion-free  gap  would 
separate  the  migrating  ionic  compartments.  As  the  mobility  of  sample  and  terminator 
ions  is  lower,  the  field  ( volts/cm  ) in  each  compartment  automatically  adjusts  itself 
to  assure  equal  velocity.  In  the  course  of  the  fractionation,  the  sample  ions  separate 
into  their  constituent  components,  arranged  in  order  of  decreasing  mobilities.  This 
field  change  in  each  compartment  is  illustrated  in  Fig.  2,  together  with  the  mobility 
profile. 

Several  important  consequences  ensue: 


(a)  There  is  a relativel>  simple  relation  between  concentration  of  leading  and 
terminating  ions  , given  by  the  Kohlrausch  regulating  function,  where  the 
indexes  1 and  3 refer  to  the  respective  zones  according  to  diagram  in  Fig.  1. 
In  its  simplest  form, 

CL  . "L  (mT  + mcd 
C "In  Tm  + m ) 


The  same  relationship  prevails  for  each  species  of  the  sample  ions  of  intermediate 
mobilities.  Thus,  the  concentration  of  sample  ions  after  equilibrium  is  reached  is 
independent  of  the  concentration  at  which  they  were  applied.  Instead,  the  concen- 
tration is  exclusively  dependent  on  the  leader  ion  concentration,  and  the  sample 
compartment  expands  or  contracts  to  fill  its  Kohlrausch  regulated  volume.  As  an 
indication  of  the  order  of  magnitude,  for  a 20mM  chloride  leader  concentration,  the 
corresponding  protein  concentration  may  be  of  the  order  of  10%.  This  is  the  basis 
of  the  ’’stacking  gel”  principle  in  discontinuous  or  disc  electrophoresis  according 
to  Ornstein  (22)  and  Davi  s (23),  where  isotachophoresis  is  employed  to  sharpen  the 
initial  boundaries. 
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(b)  The  concentration  of  each  ion  within  the  Kohlrausch  regulated  compartments  is 
constant,  rather  than  presenting  the  usual  Gaussian  distribution  curve,  character- 
istic of  other  forms  of  electrophoresis. 

(c)  The  boundaries  separating  the  various  ionic  compartments  are  extremely  sharp, 
there  being  a minimum  of  overlap  between  ionic  species.  This  will  be  discussed 
at  greater  length  in  the  following  section.  j 

(d)  Once  equilibrium  is  established,  the  separated  compartments  will  migrate  without 

further  change  for  as  long  as  space-  is  available.  Thus,  unlike  in  zone  electro- 
phoresis, there  is  no  progressive  spreading  or  deterioration  of  zones,  due  to 
diffusion.  1 

(e)  The  boundaries  separating  ionic  compartments  are  self-restoring,  and  the  sharp 
boundaries  will  reform  if  disturbed  due  to  a random  movement  of  the  fluid.  Both 
convection  and  diffusion  are  thus  counteracted  by  the  sharp  potential  drop  exist- 
ing between  the  subsequent  compartments. 

(f)  Sample  compartments  are  contiguous  to  each  other  and  never  separate  from  each 
other  to  form  an  intermediate  buffer  zone  characteristic  of  other  forms  of  electro- 
phoresis. If  separation  is  desired,  a so-called  spacer  ion  of  suitable  mobility 

has  to  be  added.  For  this  purpose  the  commercial  product  Ampholine  is  frequently 
used  (LKB  Producter  - Stockholm),  which  is  a mixture  of  near  infinite  distribution 
of  similar  condensation  products  of  polyamino-polycarboxylic  acids  (24),  providing 
a continuous  mobility  and  pH  spectrum. 

(g)  The  heating  in  the  column  is  not  uniform,  as  different  ionic  compartments  have 
different  applied  fields.  The  temperature  rise  is  thus  a complicated  function  of 
both  radial  cooling  and  frontal  migration  of  eacn  ionic  compartment.  This  point 
is  also  discussed  in  one  of  the  following  sections. 

We  have  not  found  a single  literature  reference  indicating  that  isotachophoresis 
might  be  apppcahle  for  cell  separations,  but  there  appeared  to  be  no  theoretical 
reasons  why  this  could  not  be  done.  It  was  f*lt,  therefore,  that  several  of  above 
factors  make  isotachophoresis  a particularly  attractive  technique  for  the  space  facility 
Our  research  effort  has  been  directed  largely  towards  this  goal,  and  comprised  theo- 
retical, engineering  and  experimental  evaluation  of  the  problem. 

STRUCTURE  OF  THE  IONIC  SPECIES  INTERFACE  IN  ISOTACHOPHORESIS 

While  it  is  well  known  that  the  interface  between  contiguous  ion  compartments 
in  isotachophoresis  is  very  sharp  (17-21),  its  exact  structure  has  never  been  calculated. 
We  have  therefore  proceeded  with  a theoretical  evaluation  of  this  interface.  A prelimi- 
nary paper  treating  this  subject,  but  neglecting  the  effect  of  diffusion,  is  presently  in 
press  (25,  cf  also  26). 
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At  present  we  wish  to  give  a resume  of  the  extension  of  this  work  including  the 
effects  of  diffusion  (27),  which  causes  a broadening  of  the  interfaces,  and  a continuous 
distribution  of  all  tons  throughout  the  entire  electrophoretic  column.  However,  in 
discrete  sample  (as  opposed  to  continuous  trontal)  separations,  the  bulk  of  the  concen- 
tration change  of  the  individual  ion  species  occurs  in  a very  short  length  of  the  column. 
We  refer  to  the  distance  over  which  the  concentration  changes  from  99%  to  1%  of  its 
initial  value  (as  determined  by  the  Kohlrausch  regulating  function)  as  the  interface 
thickness,  A . A theoretical  prediction  of  the  thickness  of  isotachophoretic  inter- 
faces is  of  importance  in  evaluating  the  maximum  resolution  cf  the  method  for 
preparative  applications,  and  in  determining  in  what  ways  experimental  parameters 
may  be  varied  to  achieve  optimal  performance. 

We  consider  a steady  state,  isothermal,  one-dimensional  analysis  of  the  inter- 
face which  would  exist  between  leader  and  terminator  in  a sample-free  model.  The 
leader  and  terminator  are  taken  to  be  cations  having  a common  counterion  (anion). 

The  governing  equations  for  the  one-dimensional  interface  in  isotachophoresis  are 
the  species  continuity  equations  for  the  leader,  terminator,  and  common  counter-ion, 
and  Gauss's  law.  These  equations  may  be  put  in  dimensionless  form  and  manipulated 
to  yield  the  following  third-order  differential  equation: 
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The  boundary  conditions  are  determined  from  the  Kohlrausch  regulating  function 
and  clectroneutrality  considerations  for  regions  removed  from  the  interface. 

A solution  to  equation  (1)  is  assumed  of  the  form 


(T+  ke*x/Nl)Nl 


where  K = A 


Substitution  of  the  assumed  solution  in  equation  (1)  yields  an  equation  of  the  form 

f(x)  = 8°2- 
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As  an  indication  of  how  well  our  assumed  solution  satisfies  equation  (1)  we  define 
the  error  in  the  system  to  be 


Error  (Z) 


100 [f (x)  - 332] 
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In  general,  the  error  will  be  a function  of  x,  and  the  exponent  Nj  must  be  chosen 
in  such  a way  as  to  minimize  the  maximum  error  for  each  set  of  experimental  conditions 
considered 

The  results  of  the  numerical  calculations  indicate  that  the  assumed  solution  satis- 
fies equation  (1)  with  a maximum  error  of  about  7 l/2<7  for  values  of  0 2 greater  than  0*5 
Leader  and  terminator  interface  thicknesses  were  found  to  be  equal  and  their  variation 
with  cr  is  shown  in  Fig  3 for  various  values  of  the  parameter  p 2 Typical  concentration 
and  electric  field  profiles  are  shown  in  Fig.  4,  Further  details  of  this  analysis  may  be 
found  in  reference  27 

As  a numerical  example,  for  the  separation  of  Sodium  and  Potassium  ions  with 
chloride  as  the  counterion,  at  a temperature  of  I0°C  and  a terminator  voltage  gradient 
of  20  volts/cm,  the  interface  thickness  is  of  the  order  of  0.  15  mm  For  a terminator 
voltage  gradient  of  200  volts/cm  the  interface  thickness  is  of  the  order  of  0.04  mm  It 
should  be  reemphasized  that  this  interface  thickness  is  independent  of  the  length  of  each 
ionic  compartment  - throughout  each  of  which,  no  matter  how  long,  uniform  concentration 
prevails 


DETERMINATION  OF  TRANSVERSE  TEMPERATURE  DISTRIBUTIONS 
IN  ISOTACHOPHORESIS  COLUMNS 

We  have  also  given  special  consideration  to  the  problem  of  temperature  gradients 
in  isotachophoresis.  The  temperature  gradients  are,  of  course,  of  basic  importance  for 
all  electrophoretic  processes,  but  more  so  for  isotachophoresis,  where  we  need  to  con- 
sider not  only  radial  but  also  longitudinal  gradients  (28),  Longitudinal  gradients  arise 
because  of  the  advancing  sample  and  terminator  fronts,  each  of  which  compartments  has 
a higher  electrical  field.  We  must  also  be  concerned  with  non-equilibrium  conditions, 
because  of  the  speed  at  which  meaningful  separations  may  be  obtained,  often  before  the 
temperature  equilibiium  has  been  reached.  The  problems  of  radial  temperature  distri- 
bution in  a column  of  circular  cross-section  and  of  transverse  temperature  distribution 
in  a column  with  rectangular  cross-section  have  been  solved  for  both  steady  state  and 
transient  conditions-  The  solutions  obtained  are  valid  away  from  the  vicinity  of  any  sepa- 
ration fronts  subject  to  the  following  assumptions: 
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(1)  Operation  occurs  in  a gravity  free  environment; 

(2)  Convection  may  be  neglected; 


(3)  Temperature  dependence  of  thermal  properties  (density,  specific 
heat,  and  thermal  conductivity)  may  be  neglected; 

(1)  Fleet rical  conductivity  of  the  supporting  medium  is  linearly  dependent 
on  temperature  in  the  range  of  temperature  of  interest; 

(5)  The  supporting  medium  is  essentially  at  rest  with  the  ionic  species 
drifting  through  it  in  the  axial  direction. 

Assumption  (2)  is  reasonable,  in  view  of  (1),  provided  that  eiectroconvective  ef- 
fects may  be  ignored;  this  point  remains  to  be  investigated.  Assumption  (3)  has  been 
checked  against  a perturbation  solution  which  permits  variable  properties  to  be  accounted 
for  (in  the  steady  state)  and  it  appears  that  the  assumption  is  justified  and  further  leads 
to  conservative  estimates  from  a design  standpoint.  Assumption  (5)  will  need  *o  be  re- 
laxed for  a system  which  employs  counterflow  of  the  supporting  medium  (e  g in  free 
fluids). 


Numerical  calculations  have  been  performed  for  the  case  of  an  isotachophoretic 
column  of  circular  cross-section.  Fig.  5 shows  the  variation  of  temperature  P with  time  t 
for  a range  of  heating  rates  S,  for  one  value  of  wall  thickness  ^.Assuming  a cooling  bath 
temperature  of  0"°C  and  allowing  a maximum  temperature  in  the  tube  of  37°  C (to  avoid 
’’cooking”  living  cells),  the  maximum  allowable  value  of  % is  accordingly  0.  1355  (de- 
noted p> 
c 

:\n  inspection  of  Fig  6 shows  that  for  a given  value  of  Si  , there  will  be  some 
value  of  Sabove  which  ^ will  always  be  exceeded  in  some  finite  amount  of  time.  We 
term  this  value  of  S for  which  0C  is  approached  asymptotically  Smax 

Since  the  electric  field  decreases  in  going  from  terminator  to  leader  electrolyte 
zones,  S will  also  decrease  from  terminator  to  leader  Fig  6 depicts  the  steady  state 
temperature  profile  for  various  values  of  S Since  ionic  mobility  is  proportional  to 
temperature,  this  leads  to  velocity  profiles  which  become  progressively  less  ’’bowed” 
from  terminator  to  leader  zones 

Since  the  sharpness  of  the  ionic  interfaces  increases  with  increasing  electric 
field  strength,  it  may  be  desirable  to  operate  at  values  of  S greater  than  Smav  . This 
requires  that  E*  and  R ^ be  chosen  in  such  a way  that  the  time  required  for  separation 
is  less  than  the  time  at  which  9C  is  exceeded.  An  analysis  of  the  limitations  imposed 
by  this  requirement  is  in  the  process  of  being  completed  at  this  time. 

Numerical  calculations  for  the  case  of  a rectangular  cross-section  are  presently 
under  way,  and  it  is  hoped  that  the  results  of  the  analyses  described  here  will  be  published 
in  the  near  future. 

STUDIES  ON  POSSIBLE  INSTABILITIES  IN  ELECTROPHORESIS  ' 

As  part  of  our  theoretical  studies,  we  have  undertaken  an  analysis  of  fluid  behavior 
in  electrophoresis.  A detailed  manuscript  is  now  in  preparation  (29),  and  we  wish  to  » 

here  only  the  approach  taken.  In  the  study  of  electrophoretic  phenomena,  laminar  flows  art* 
usually  assumed,  but  instabilities  could  occur.  One  example  is  due  to  the  combined  effects 
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of  large  electric  fields  and  temperature  variations  in  the  charged  fluids  It  is  analogous 
to  the  Benard  instability  (for  a layer  of  fluid  heated  from  below)  in  hydrodynamics  (30), 
with  the  electric  field  E playing  now  the  role  of  gravity  . 

As  a preliminary  step  we  study  the  "Benard  instability”  in  very  much  the  same 
spirit  as  in  the  Lamb’s  semi-classical  theory  of  "laser  instability"  (31)  Correspond- 
ing to  Maxwell  equations,  hydrodynamic  equations  are  employed  By  restricting  our 
attention  to  the  threshold  region,  the  normal-mode  method  is  used  and  an  equation  of 
the  form 


(R  - Rc)  V - CV3  - 'O 


is  obtained  at  steady  state.  R is  the  Rayleigh  number  and  the  mode  amplitude  V is  the 
"order  parameter".  The  saturation  term  £y$  is  due,  in  our  theory,  not  to  the  nonlinear 
constituent  relations  like  in  the  laser  case,  but  to  the  non-linearities  inherent  in  the 
hydrodynamic  equations  themselves.  In  other  words,  the  convective  processes  are 
responsible  A simple  application  of  the  result  is  given  to  explain  the  experimentally 
observed  dependence  of  the  Nusselt  number  on  the  Rayleigh  number. 

F XPERT  MENTAL  ISOTACHOPHOR  ESIS 

Isotachopboresis  has  received  mainly  two  appLications;  (a)  as  an  analytical  tech- 
nique for  rapid  separation  of  small  molecular  weight  ions,  such  as  acetate,  bicarbonate, 
etc.  These  separations  are  usually  carried  out  in  free  solution,  using  capillaries,  (b) 
Isotachopboresis  shows  considerable  promise  for  preparative  protein  separations,  be- 
cause of  the  high  concentration  of  proteins  in  the  separated  compartments,  and  the  sharp 
intercompartmental  boundaries.  Though  some  protein  work  has  been  carried  out  in  free 
solutions  in  capillaries,  (21,  32)  most  work  is  carried  out  in  gels. 

Our  initial  efforts  were  centered  on  obtaining  protein  separation  in  capillaries, 
where  viscous  effects  tend  to  minimize  convective  disturbances.  Three  additional  modes 
of  anti-circumventing  gravity  effects  were  employed.  These  were  rotation  of  capillaries 
around  their  horizontal  axis,  the  inclusion  of  high  viscosity  soluble  polysaccharides  into  the 
electrolyte  system,  and  rapid  migration  at  high  potential  gradients.  With  these  systems, 
one  can  easily  demonstrate  the  unusual  properties  of  isotachopboresis;  the  extremely 
sharp  boundaries  between  sample  and  buffer,  the  self  stabilizing  properties  of  the  bound- 
aries, etc.  Unfortunately,  a major  problem  of  protein  isotachopboresis  also  became 
painfully  obvious:  this  Is  the  very  large  density  gradient  between  concentrated  protein 
compartments  and  Fie  leading  and  terminating  buffers.  As  a result,  the  boundaries  could 
not  be  stabilized  by  any  of  the  palliative  methods  employed,  and  a complex  series  of  phe- 
nomena were  observed,  such  as  boundary  slumping,  bowing,  etc.  In  Fig.  7 we  show  a 
typical  photograph  of  separation  of  red  cells  from  stained  albumin  in  a capillary  tube. 

We  had  to  turn  to  gels,  therefore,  for  optimal  protein  separation.  Two  gels  were 
employed,  agarose  and  polyacrylamide . In  such  gels  protein  separation  is  readily  obtain- 
able. The  length  of  protein  compartments  is  proportional  to  the  protein  quantity  applied 
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as  is  apparent  from  Fig.  8,  showing  increasing  length  of  the  ferritin  bands,  approximately 
propoitional  to  the  volume  of  the  10%  protein  applied  (cf  21,  32).  Unfortunately,  the  rear 
boundaries  in  proteins  are  not  always  flat,  but  at  Mmcs  show  an  upward  curvature,  which 
we  call  doming.  Considerable  efforts  have  gone  into  understanding  of  the  doming  effect, 
which  at  present  still  remains  ill  understood.  There  are  ob\iously  some  strong  radial 
fields  in  isotachophoresis,  which  have  been  previously  not  described  in  the  literature. 

Best  example  of  this  radial  field  effect  is  obtainable  with  dyes,  In  the  sequence  of 
photographs  presented  in  Fig.  9,  we  show  a sample  of  Ponceau  S , which  was  applied  in 
a stab-application  into  polyacrylamide  get,  just  below  the  leader-terminator  interface. 

Tn  the  sequence  of  photographs  presented,  one  can  readily  see  the  near  instantaneous 
spreading  of  the  dye  across  the  whole  cross-section  of  the  tube,  as  the  terminator  front 
is  sweeping  across  the  sample  area.  This  spreading  is  far  more  rapid  than  accountable 
for  on  the  basis  of  diffusion  alone,  and  clearly  demonstrates  the  unusual  properties  of 
isotachophoretic  interfaces.  It  is  also  significant  that  the  front  boundaries  of  both  dyes 
and  proteins  are  always  flat,  showing  no  trace  of  the  bowing  that  one  could  expect  on  basis 
of  radial  temperature  gradients.  This  ansencc  of  bowing,  and  rapid  spreading  of  boundaries 
across  the  aviable  interface  are  indications  of  radial  electric  fields,  present. y under  both 
theoretical  and  experimental  investigation. 

In  Fig.  10  wc  are  presenting  another  series  of  photographs,  illustrating  the  un- 
usual behavior  of  isotachophoretic  systems.  In  the  Polyacrylamide  gel,  first  a regular 
isotachophoretic  run  cf  the  Ponceau  S dye  was  carried  out,  allowing  the  migration  of  the 
dye  to  proceed  till  about  half  the  length  of  the  gel  column.  Then  a second  sample  of  the 
dye  was  applied  to  the  top  of  the  gel,  but  this  second  sample  was  now  located  in  the  termi- 
nator compartment,  and  not  the  leader-terminator  interface.  The  migration  of  this 
second  dye  sample  proceeds  by  regular  zone  electrophoresis,  and  the  dye  migrates  much 
more  rapidly  than  at  the  interface,  the  electric  field  being  higher  in  the  terminator  than 
in  the  sample.  The  difference  between  the  sharpness  of  the  isotachophoretic  bands,  and 
the  diffuse  zone  bands  is  obvious  and  can  also  be  5'own  in  free  solution.  Within  minutes, 
the  second  dye  sample  catches  up  with  the  first  sample,  and  forms  a single  isotacho- 
phorctic  boundary  of  greater  length,  with  the  usual  sh^:p  boundaries.  These  few 
illustrations  are  presented  only  to  illustrate  the  restorative  properties  of  isotachophoretic 
boundaries . 

Other  work  has  been  carried  out  in  sucrose  density  gradients,  borrowing  the  tech- 
nique and  instrumentation  of  isoelectric  focusing.  This  has  shown  excellent  resolution  of 
dyes,  where  concentration  gradients  due  to  sample  are  smaller  than  with  proteins.  With 
proteins,  only  transitory  sharpening  of  boundaries  was  observed,  these  soon  degenerating 
and  convecting  as  a result  of  the  sharp  density  gradients.  Similar  is  the  behavior  of  cell 
suspensions,  and  in  Fig.  11  we  show  the  "ransitorv  separation  in  ficoll  gradients  of  human 
and  sheep  red  blood  cells.  With  further  Ixmndary  sharpening,  convection  unfortunately 
sets  in.  We  are  at  present  studying  much  steeper  density  gradients  as  possible  means  of 
boundary  stabilization. 

SKYLAB  EXPERIMENTS 

An  opportunity  presented  itself  to  include  a simple  electrophoresis  experiment  into 
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the  last  Skylab  mission,  as  part  of  the  demonstration  experiments.  The  main  limitations 
imposed  were  the  short  lead  time  in  which  the  experiment  had  to  be  prepared,  the  limited 
power  available  (only  28  volts),  and  the  requirement  for  the  whole  package  to  fit  a volume 
defined  by  a cylinder  of  3.5"  diameter,  3.5"  long.  Within  these  narrow  confines  it  ap- 
peared possible  to  design  an  apparatus  which  would  give  the  answers  to  two  important 
questions: 

(a)  will  proteins,  at  zero  gravity,  give  comparable  patterns  to  those  presently  obtain- 
able in  gels  only,  or  will  other  factors,  notably  electroosmosis,  cause  distortion 
of  the  patterns? 

(b)  will  cells  at  zero  gravity  provide  sharp  boundaries  comparable  to  those  of  proteins? 

Both  of  these  questions  appeared  of  significance  for  the  future  direction  of  the  isotacho- 
phoresis  work. 


To  this  end,  a simple  electrophoretic  assembly  was  constructed,  consisting  of 
two  plexiglas  modules.  The  observation  channel  was  3/16"  in  diameter,  1"  long,  and 
two  electrode  vessels  were  commensurate.  Non-gassing  electrodes  were  used,  a silver 
anode  ax:  a paUadiun  cathode  . The  modules  were  made  in  Tucson,  (thanks  are  due  to 
Mr.  Anthony  Clarkson  for  the  construction)  and  the  assembly  completed  in  Huntsville. 
Fig.  12  shows  the  completed  apparatus.  The  two  modules  were  completely  filled  with 
degassed  fluids  in  the  high  altitude  chamber,  also  in  Huntsville,  largely  through  the  ef- 
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One  of  the  two  modules  contained  a mixture  of  two  colored  proteins,  ferritin  and 
hemoglobin  contained  within  the  movable  slide,  which  was  used  as  the  sample  injector. 
Laboratory  experiments  in  gels  have  clearly  shown  that  under  the  conditions  of  the  flight 
experiments,  it  is  easy  to  obtain  the  separation  of  the  two  proteins,  orovided  a colorless 
spacer,  Apmpholine,  is  added.  The  leader  buffer  was  20  mM  chloride-tris  buffer, 
pH  7.2,  and  the  terminator  was  380  mM  tris-glycine,  pH  8.3. 

1 he  second  module  contained  a suspension  of  human  red  blood  cells.  The  most 
immediate  problem  was  the  preservation  of  the  RBC  over  the  several  weeks  between 
launch-time  and  execution  of  the  experiment.  Laboratory  experiments  had  indicated 
that  the  best  preserving  medium  was  defibrinated  whole  plasma.  This  semple  was  thus 
prepared  by  defibrinating  whole  blood,  (human)  by  shaking  it  with  glass  beads.  Genta- 
mycin  was  added  as  preservative  . The  leading  buffer  was  the  same  as  above,  with  5% 
dextrose  added  for  isotonicity.  Because  of  the  probability  of  cell  sedimentation  during 
the  centrifugal  effect  of  lift-off,  the  whole  cathode  compartment  was  filled  with  the  cell 
suspension,  and  a small  stirrer  was  incorporated  into  it,  to  permit  the  astronauts  a re- 
suspension of  the  cells. 

Tins  permitted  only  a frontal  analysis  of  the  cell  migration.  Numerous  laboratory 
experiments  had  been  conducted  to  prove  beforehand  that  cells  do  migrate  isotachophoretically 
from  such  a plasma  suspension.  This  was  possible  to  accomplish  also  by  frontal  analysis, 
in  a vertical  upward  migrating  mode,  the  cell  suspension  being  self-stabilized  against  con- 
vection by  the  autogenic  density  gradient.  It  showed  that  in  such  a system,  the  Kohlrausch 
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regulated  cell  concentration  is  considerably  less  than  that  of  the  whole  blood.  A range 
of  concentrations  of  cells  is  obtained,  as  the  plasma  proteins  contribute  to  forming  a 
scries  of  mixed  isotachophoretic  steps,  with  the  plasma  proteins  and  other  plasma  ions. 

The  results  of  the  two  experiments  were  unfortunately  quite  disappointing.  The 
main  reason  for  this  appeared  to  be  significant  leakage  of  the  fluids  from  both  modules, 
resulting  in  many  air  bubbles  in  the  chambers,  though  all  fluids  were  carefully  degassed 
prior  to  cell  loading.  It  is  most  likely  that  the  leakage  occurred  during  the  lift-off  phase, 
as  a result  of  the  increased  acceleration,  the  testing  of  the  seals  not  having  been  carried 
out  under  these  conditions.  The  protein  experiment  was  a complete  failure,  as  there  was 
no  observable  migration  of  ary  colored  proteins  when  the  astronauts  pushed  in  the  slid- 
ing gate  with  the  sample.  Spectrophotometric  examination  of  the  modules*  contents,  upon 
return  from  the  Skylab,  showed  a uniform  distribution  of  the  sample  in  all  fluids.  An 
examination  of  the  silver  anode  showed  that  at  no  time  was  there  any  current  through 
the  ceil,  though  there  was  electrical  continuity  of  all  connections.  The  most  i’kely  ex- 
planation is  that  an  air  bubble  completely  prevented  passage  of  the  electrical  current. 

The  results  with  the  cell  suspension  were  better,  though  it  was  also  m arred  by 
presence  of  air  bubbles.  Nevertheless, the  advancing  front  showed  little  bowing,  the 
view  being  partially  obstructed  by  air  bubbles.  A typical  photograph  is  shown  in  Fig.  13. 
l/pon  completion  of  forward  migration,  the  current  polarity  was  reversed,  and  the  astro- 
nauts cleared  the  air  bubbles  from  the  observation  channel  by  mechanical  agitation.  They 
then  repeated  the  frontal  migration  a second  time.  The  photograph  reproduced  in  Fig.  14 
shows  an  extremely  sharp  boundary,  with  a blunt  parabolic  profile.  It  is  unfortunately 
not  possible  to  state  clearly  if  this  is  due  to  electroosmosis  only,  or  to  contribution  of 
other  events  which  occurred,  including  the  reversed  polarity  migration  step.  Nor  was 
this  second  migration  passage  necessarily  a purely  isotachophoretic  run,  as  there  may 
have  been  considerable  mixing  of  buffers  in  the  preceeding  operations.  Reversal  of 
polarity  rendered  the  boundary  strikingly  more  diffuse,  this  reverse  migration  being  in 
a zone  mode,  as  shown  in  Fig.  15, 


CONCLUSIONS 

The  sharpness  3nd  self-restoring  properties  of  boundaries  in  isotachophoresis 
make  it  an  attractive  candidate  for  space  applications.  This  is  most  obvious  from  the 
comparison  of  the  sharp  boundaries  obtained  in  the  Skylab  experiment,  as  compared  to 
the  diffuse  boundaries  obtained  in  prior  ApoUo  experiments  (33,  34).  It  is  most  un- 
fortunate , nevertheless,  that  the  Skylab  experiment  did  not  provide  more  definitive 
answers  as  to  boundary  shapes  in  zero- gravity  isotachophoresis.  It  is  hoped  for  that 
these  questions  will  be  answered  by  the  planned  experiments  for  the  forthcoming  Apollo- 
Sovuz  test  program,  where  two  modified  isotachophoresis  modules  will  be  flown, 
together  with  several  zone  electrophoresis  modules. 

Nevertheless, earth-bound  laboratory  experiments  and  the  Skylab  demonstration 
have  shown  that  isotachophoresis  is  applicable  to  separation  of  living  cells.  This  may 
eventually  permit  the  development  of  techniques  of  cell  separation  with  sharper  resolution 
than  possible  by  zone  electrophoretic  methods. 
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The  results  so  far  obtained  from  the  Apollo  missions,  and  the  Skylab  demonstra- 
tion, have  clearly  indicated  the  advantages  of  a zero  gravity  electrophores.’s  facility. 
Numerous  problems  remain,  such  as  the  development  of  optimal  buffers  systems  com- 
patible with  cell  survival,  etc. 

Nor  are  all  problems  confined  to  isotachophoresis.  For  the  development  of 
the  space  facility  numerous  technical  details  remain  to  be  solved.  These  include  some 
hardware  problems,  which  appear  to  be  rather  trivial  at  first  glance;  but  which  present 
; serious  engineering  problems,  when  coupled  with  fluid  behavior  at  zero  gravity.  The 
most  obvious  of  these  is  the  collection  of  the  separated  fractions.  The  Hannig  approach 
of  continued  collection  of  frcction  is  one  possible  solution.  Another  approach  has  been 
developed  at  Huntsville  by  Dr.  Snyder  and  his  collaborators.  This  is  the  radial  freez- 
ing of  the  whole  electrophoretic  column,  which  is  then  sectioned  while  still  frozen. 

This  is  the  approach  which  will  be  taken  in  the  forthcoming  Apollo-Soyuz  mission. 

It  has  the  notable  advantage  that  a number  of  different  samples  can  be  run  with  the 
same  basic  electrophoretic  apparatus,  each  sample  being  confined  to  a different  tube. 

A third  approach  has  been  proposed  by  John  G.  Watt  of  the  Protein  Fractionation  Center 
in  Edinburgh.  It  comprises  the  isoelectric  focusing  of  proteins  in  a square  column, 
and  the  lateral  expulsion  of  the  fluid  content  into  a series  of  collecting  tubes,  arranged 
along  the  whole  length  of  the  electrophoretic  column.  Several  other  possibilities  are 
still  on  the  drawing  boards. 

In  conclusion,  one  may  only  say  that  the  recent  Apollo  and  Skylab  experiments 
have  clearly  demonstrated  the  promise  nf  Nasa’s  electrophoresis  program,  and  the 
possible  advantages  of  electrophoresis  at  zero  gravity.  The  potential  benefits  of  the 
development  of  a zero  gravity  electrophoretic  facility  may  fully  warrant  the  consider- 
able energies  expended  in  this  direction. 
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LIST  OF  SYMBOLS 


SYMBOL 

E 

E* 


nl 

S 

x 


or 

a 

v 


5 


1 


A 


c 


9 


e 


s 


*1 


T 


MEANING 

Dimensionless  electric  field 
Electric  field  (volts  /cm ) 

Dimensionless  terminator  ionic  number  density 

Dimensionless  heating  rate 

Dimensionless  distance  along  axis  of  tube 
referred  to  moving  coordinate  system 

Dimensionless  leader  mobility  parameter 

Dimensionless  counterion  mobility  parameter 

Dimensionless  heat  transfer  coefficient 

Dimensionless  terminator  interface  thickness 

Dimensionless  leader  interface  thickness 

Leader  or  terminator  interface  thickness  ( mm  ) 

Dimensionless  dielectric  constant 

Dimensionless  temperature 

Dimensionless  sr  ady  state  temperature 

Dimensionless  number  density  in  terminator  zone 

Dimensionless  radial  distance 

Dimensionless  wall  thickness 

Dimensionless  time 
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COMPARTMENT  3 


COMPARTMENT  2 COMPARTMENT  1 


FIG.  1 SCHEMATIC  PRESENTATION  OF  ION  DISTRIBUTION  IN  ISOTACHOPHORESIS . 

LEADER  IONS  HAVE  THE  HIGHEST  MOBILITY,  TERMINATOR  IONS  LOWEST. 
COUNTERIONS  MAY  HAVE  BUFFERING  ACTION. 


FIG.  2 SCHEMATIC  FIELD  AND  MOBILITY  PROFILES  AFTER  KOHLRAUSCH  EQUILIBRIUM 
HAS  BEEN  ESTABLISHED.  L~,  LEADER  IONS,  T_,  TERMINATOR  TONS,  s" 

AND  S‘  , RESOLVED  SAMPLE  IONS.  FIELD  STRENGTH  IS  INVERSE  1 

FUNCTION  OF  MOBILITIES. 
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FIG.  7 ISOTACHOPHORETIC  SEPARATION  OF  ERYTHROCYTES  (LONG 
ZONE)  FROM  STAINED  ALBUMIN  IN  A CAPILLARY. 


FIG.  8 PROPORTIONALITY  OF  ISOTACHOPHORETIC  COMPARTMENT  LENGTH  TO 

Qlintfl  ITY  OF  PROTEIN  ADDED.  FERRITIN  WAS  USED,  AND  ITS  SELF- 
REGULATED  CONCENTRATION  IS  ABOUT  10%  WITH  20  mM  LEADER 
CONCENTRATION. 
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SHEADING  OK  DYE  SAM  PI  E A I'  LEADER- TERMINATOR  INTERFACE.  THE 
PONCEAU  S DYE  WAS  CENTRA  1. 1 Y INJECT!  P INTO  THE  LEADERGF.L,  AND 
SPREADS'  SHARPLY  ACROSS  THE  ENTIRE  TV  BE  KITH  THE  ADVANCING 
INTERFACE. 


RESTORATION  OF  ISOTACHOPH0RET TC  BOUNDARIES . A SECOND  SAMPLE  WAS 
APPLIED  ON  TOP  OF  A PREVIOCST.Y  KOPO'I'D  1 SOTACHOPHORETTC  DYE 
COMPARTMENT.  THIS  SECOND  SA"PM  , APPIIPi  IN  THE  TERMINATOR, 
MIGRATES  FASTER,  AND  CATCHES  I'P  WITH  THE  FIRST  SAMPLE,  FORMING 
AT  THE  FND  A SINGLE  BOCNDARY.  HIE  O I FT FRENCH  BETWEEN  THE 
SHARPNESS  OF  TSOTACIIOPHORETTC  P.Ol’NDAR  1 ES  AND  THE  DIFFUSE  NATURE 
OF  ZONE  P-OUNDAR IES  OF  HIE  DYE.  IN  THE  I'FRM  INATOR  IS  OBVIOUS. 


FIG.  11  SEPARATION  OF  HUMAN  AND  SHEEP  RED  CELTS  IN  A FICOLL  GRADIENT. 

SEPARATION  WAS  ONLY  TRANSITORY  DUE  TO  CONVECTIVE  DISTURBANCES. 


FIG.  12  SKYLAB  APPARATUS  SHOWING  THE  MOUNTING  OF  THE  TWO  SAMPLE  - 

CONTAINING  MODULES.  751 
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FIG.  13  SKYLAB  PHOTOGRAPH  OF  ADVANCING  ISOTACHOPHORETTC  FRONT  OF  THE  RED 
BLOOD  CELL  SUSPENSION.  THE  EXACT  SHAPE  OF  THE  BOUNDARY  IS 
BLURRED  BY  AIR  BUBBLES. 


FIG.  14  SKYLAB  PHOTOGRAPH  DURING  SECOND  RUN  OF  THE  BLOOD  MODULE.  THE 
SHARP  BOUNDARY  HAS  THE  PROFILE  OF  A BLUNTED  PARABOLA. 
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FIG.  15 


REVERSAL  OF  CURRENT  IN  SKYLAB  EXPERIMENT  SHOWS  THE  DIFFUSE 
BOUNDARY  TYPICAL  OP  ZONE  ELECTROPHORESIS. 
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SUMMARY 


Vertical  liquid  columns  containing  low  molecular  weight  dextran 
density  gradients  can  be  used  for  preparative  lymphocyte  electrophoresis 
on  earth,  in  simulation  of  0 gravity  conditions.  Another  method  that 
has  been  tested  at  1 G,  is  the  electrophoresis  of  lymphocytes  in  an  up- 
ward direction  in  vertical  columns.  By  both  methods  up  to  10?  lymphocytes 
can  be  separated  at  one  time  in  a 30  cm  glass  column  of  8 mm  inside  dia- 


problems,  the  separation  at  1 G i3  less  than  ideal,  but  it  is  expected 
that  at  0 gravity  electrophoresis  will  prove  to  be  a uniquely  powerful 
cell  separation  tool.  The  technical  feasibility  of  electrophoresing 
inert  particles  at  0 C has  been  proven  earlier,  during  the  flight  of 
Apollo  16  [1]. 


INTRODUCTION 

Certain  cells  with  quite  different  biological  properties  (notably 
T and  B lymphocytes)  differ  physio-chemically  only  in  their  surface 
potential  [2].  Thus  the  only  physical  methods  for  separating  such  cells 
into  groups  of  cells  with  different  surface  potentials  are  electrophoretic 
ones.  Normally,  however,  cellc  sediment  to  the  bottom  of  the  experimental 
vessels  in  the  time  required  for  electrophoretic  separation.  Increasing 
the  medium's  density  by  adding  solutes  creates  osmotic  and  other  problems. 
Thus  the  ideal  condition  for  the  electrophoretic  separation  of  cells  must 
be  sought  at  0 gravity,  in  space.  .Nevertheless,  the  methodology  for 
electrophoretic  cell  separation  in  ?pace  first  has  to  be  worked  out  on 
earth,  at  gravity  = 1. 

To  that  effect  two  approaches  can  be  used:  1)  Descending  electropho- 

resis in  a vertical  column,  stabilized  by  a density  gradient,  and  2)  Ascen- 
ding electrophoresis  in  a non-s tabilized  vertical  column.  Both  approaches 
are  studied  nere  and  both  yield  valuable  information,  indispensable  for  the 
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elaboration  of  0 G electrophoresis  methodology. 

T and  B lymphocytes,  once  separated,  will  not  only  serve  in  further 
in  vitro  research,  but  also  in  the  treatment  of  a variety  of  immunological 
diseases  (agammaglobulins , DiGeorge's  syndrome),  various  malignancies 
such  as  Hodgkins  disease  and  chronic  lymphatic  leukemia,  and  other  types  of 
cancer  and  chronic  infections. 

DESCENDING  ELECTROPHORESIS  IN  A DENSITY  GRADIENT 
Electrophoresis  Buffer 


A phosphate  buffer,  of  pH  7.7,  T/2  * 0.022,  with  a conductivity  of  0.26 
mho  cm  and  an  osmolality  of  265  m.Osm/L.  (When,  for  practical  reasons,  the 
cells  must  be  electrophoresed  in  a medium  that  is  sufficiently  cryoprotectant 
to  allow  them  to  frozen,  47.  glycerol  is  added  to  this  buffer,  which  then 
raises  the  osmolality  to  780  m.Osm/L).  The  buffer  consists  of  12  parts  of: 
0.187.  Na2HP04 
A 0.027.  KH2PO4 

4.327.  glucose 
plus  one  part  of: 

0.187.  Na2HP04 
B 0.027,  KH2P04 

0.807  NaCl . 

The  density  gradient  was  prepared  by  overlaying  a 57.  Dextran  T 10 
(Pharmacia,  Piscataway,  N.J.)  (average  molecular  weight  = 10,000)  solution  in 
the  above  buffer,  on  top  of  an  117.  solution  of  the  same  material.  Other 
cells  have  been  successfully  electrophoresed  in  density  gradients  of  much 
higher  molecular  weight  dextrans  [3],  but  in  our  experience  signigicant  lympho- 
cyte agglomeration  occurred  in  dextran  solutions  of  practically  all  molecular 
weights  above  10,000,  so  that  the  T 10  dextran  variety  proved  the  only  one 
that  could  be  used  with  this  type  of  cell. 

The  gradient  was  established  by  careful  hand  mixing.  It  could  also  be 
obtained  with  a two-vessel  stirred  gradient  maker.  The  results  proved  to  be 
the  same,  as  checked  by  measuring  the  refractive  index  at  various  intervals, 
with  a ref rac tome ter. 

Electric  Field 


The  lymphocytes  were  electrophoresed  under  an  electric  field  of  « 10 
mA,  yielding,  at  a total  potential  difference  across  the  tube  of  360  V,  3.6  W. 

Cooling 

Cooling  of  the  cylindrical  columns  was  accomplished  by  means  of  a wa- 
ter jacket  connected  to  a Lo-Temprol  refrigerated  water  bath.  Continuous 
circulation  of  cold  water  maintained  a temperature  of  +4°C.  For  the  com- 
plete apparatus,  see  Figures  1 and  2. 

Cells 


Some  experiments  were  done  with  cultured  human  lymphoid  cells  (RPMI 
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6410),  which  were  grown  and  maintained  in  Eagle's  Essential  Medium  with  107, 
fetal  calf  serum.  The  cultured  cells  were  washed  twice  in  phosphate  buf- 
fered saline  (PBS)  before  being  applied  to  the  column.  4 x 10^  cells  were 
suspended  on  top  of  the  gradient. 

For  fresh  human  lymphocytes,  human  buffy  coat  preparations  (courtesy 
of  the  Buffalo  Regional  Red  Cross  Blood  Center)  were  subjected  to  Ficoll- 
Hypaque  [4]  density  gradient  centr ifugat ion  and  the  lymphocytes  were  col- 
lected and  washed  in  PBS,  3 x 10^  cells  were  generally  used  per  electropho- 
resis experiment. 

Electrophoresis  Tube 

A 30  cm  long,  8 mm  inside  diameter  glass  tube  was  used,  coated  on 
the  inside  with  a 1.57*  agarose  gel  (made  in  the  electrophoresis  buffer), 
and  plugged  at  the  bottom  with  a 2 cm  deep  1.5%  agarose  plug.  The  bottom 
stood  in  the  lower  electrode  vessel,  while  the  top  of  the  tube  was  con- 
nected to  the  upper  electrode  vessel  by  means  of  an  agarose  wick  encased 
in  a glass  U-tube  (inverted). 

Fraction  Collecting 

After  electrophoresis  the  cells  were  collected  by  piercing  the 
agarose  plug  with  a 21-gauge  needle  and  collecting  5 drops  per  test  tube. 

ASCENDING  ELECTROPHORESIS 


Electrophoresis  Buffer 

The  cells  were  separated  by  electrophoresis  in  an  upward  direction, 
using  a phosphate  buffer,  of  pH  7.7,  T/2  = 0.01  (buffer  A),  with  a conduc- 
tivity of  0.12  mho  cm  and  an  osmolality  of  approximately  265  m.Osm/L. 

Electric  Field 


With  this  buffer  an  electric  field  of  10  V/cm  was  obtained,  with  a 
current  of  5 raA.  The  cells  were  elec t rophoresed  for  2.5  hours  under  these 
c ircums  tances . 

Cooling 


The  cooling  arrangement  was  the  same  as  described  above. 


Cells 


The  cells  used  were  the  same  as  those  described  above. 
Electrophoresis  Tube 

Either  the  same  tubes  (agarose-coated)  as  described  above  were  used  , 
or  in  their  stead,  uncoated  lucice  tubes  of  comparable  size. 
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Fraction  Collecting 


When  a plastic  tube  was  used,  it  was  also  fitted  at  the  bottom  with 
an  agarose  plug  (see  above).  After  electrophoresis,  3 or  4 1 ml  fractions 
were  collected  from  the  top  of  the  electrophoresis  tube,  by  aspiration  with 
a 5 ml  syringe,  through  a 30  cm  needle. 

METHOD  OF  ANALYSIS 

After  the  fractions  were  collected  and  counted,  with  a Spencer  Im- 
proved Neubauer  Counting  Chamber,  they  were  analysed  for  surface  immuno- 
globulins by  immunofluorescence.  An  equal  volume  of  1/16  dilution  of  fluo- 
resceinated  rabbit  anti-human  IgG  was  added  to  the  cells.  After  30  minutes 
at  4°C  the  cells  were  centrifuged  at  2,000  RPM  and  the  excess  conjugate  de- 
canted. After  2x  washing  in  cold  PBS,  the  percentage  of  positive  fluorescent 
cells  (B  cells)  was  determined  by  microscopy  (Reichert  Zetopan  fluorescence 
microscope) . 


RESULTS  OF  PESOENDING  ‘frjECTROPHORESIS 

In  Figure  3 the  results  of  a typical  density  gradient  experiment  are 
shown.  The  two  fast  batches  contained  more  T than  B cells  and  the  fastest 
of  these  had  82%  T cells  (only  187.  B cells  left)  , which  represents  an  enrich- 
ment factor  of  3.3.  The  yield  was  close  to  907o.  Among  the  fractions  only 
those  are  shown  on  which  B/T  cell  ratio  analysis  by  immunofluorescence  was 
done,  which,  on  account  of  time  limitations,  was  only  feasible  with  one 
fraction  out  of  three. 

Thus  , descending  density  gradient  electrophoresis  gave  fairly  good 
results  with  cul tured  human  lymphocytes.  With  fresh  peripheral  human  lym- 
phocytes, this  method,  possibly  due  to  a somewhat  greater  overlap  of  elec- 
trophoretic mobilities,  ^roved  less  satisfactory.  The  ascending  electro- 
phoresis approach,  discussed  below,  appears  more  promising  for  that  type 
of  cell. 


RESULTS  OF  ASCENDING  ELECTROPHORESIS 

Ascending  electrophoresis  gives  good  results  with  fresh  b*mian  peri- 
pheral lymphocytes.  In  an  exceptionally  successful  experiment,  shown  in 
Figure  4,  the  fraction  that  was  enriched  from  the  original  727,  T cells  to 
967.  T cells  in  the  first  run,  was  elec trophoresed  a second  time,  yielding  a 
fast  fraction  with  2 x 10^  1007.  T cells,  representing  207,  of  the  cells  that 
were  made  to  electrophorese  the  second  time.  In  Figure  5 two  fractions,  well 
separated  from  one  another,  are  visible  inside  the  electrophoresis  tube. 

In  Figure  6 the  results  are  shewn  that  pertain  more  often  than  the  excep- 
tionally favorable  ones  given  in  Figure  4:  at  the  second  electrophoresis  the 
proportion  of  T cells  could  only  be  Improved  from  92%  to  95%,  at  the  expense 
of  a 40%  loss  of  cells. 

Recovery  of  B cells  from  the  slow  fraction,  after  two  electrophoreses, 
seldom  results  in  more  than  90%  pure  B cells,  due,  e.£.  , to  clumping  of  B 
cells  and  trapping  or  T cells  in  the  clumps.  At  0 gravity  clumping  may  be 
equally  difficult  to  avoid  but  the  sedimentation  of  the  clumps  and  their 
contamination  of  the  slowest  fractions  will  not  occur. 
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CONCLUSION 


The  results  of  both  the  descending  and  ascending  electrophoretic 
lymphocyte  separation  at  gravity  =*  1 show  the  possibilities  as  well  as  the 
probable  limits  to  lymphocyte  electrophoresis  on  earth.  At  the  same  time 
the  methodology  developed  will  permit,  by  fairly  simple  extrapolation  to 
elaborate  the  methodology  to  be  used  at  0 G. 
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FIG.  1 PHOTOGRAPH  OF  THE  ELECTROPHORESIS  TUBES  (ONE  AT  LEFT  AND 
ONE  IN  THE  MIDDLE,  BENEATH  THE  BOTTOM  SHELF),  THE  COOLED 
WATER  CIRCl'TATOP  C RIGHT)  AND  THE  POWER  SUPPLIES  (IN  THE 
MIDDLE  ON  THE  TOP  AND  BOTTOM  SHELVES). 


FIG.  2 PHOTOGRAPH  OF  A JACKETED  ELECTROPHORESIS  TUBE,  WITH  ITS 

POWER  SUPPLY  STILL  PARTI Y VISIBLE  ABOVE  IT,  ON  THE  SHELF. 
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FIG.  3 GRAPH  Of  THE  RESULTS  OBTAINED  IN  A DESCENDING  ELECTRO 
PHORESIS  OF  HUMAN  LYMPHOCYTES  (RPMI  64101. 


FIG.  4 GRAPH  OF  THE  RESULTS  OBTAINED  IN  A DOUBLE  ASCENDING 

ELECTROPHORESIS  OF  FRESH  HUMAN  PERIPHERAL  LYMPHOCYTES. 
THIS  WAS  AN  EXCEPTIONALLY  SUCCESSFUL  SEPARATION. 
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PIG.  5 PHOTOGRAPH  OF  THE  SEPARATED  BANDS  OF  LYMPHOCYTES  VISIBLE 
IN  A TYPICAL  ASCENDING  ELECTROPHORESIS  EXPERIMENT  WITH 
FRESH  HUMAN  PERIPHERAL  LYMPHOCYTES. 


FIG.  6 GRAPH  OF  THE  RESULTS  OBTAINED  IN  A DOUBLE  ASCENDING 

ELECTROPHORESIS  OF  FRESH  HUMAN  PERIPHERAL  LYMPHOCYTES. 
THIS  IS  THE  TYPE  OF  SEPARATION  USUALLY  OBTAINED. 
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t* 

E.  Passaglia  and  R.  L.  Parker* 
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Washington,  D.  C.  20234 


INTRODUCTION 

NBS  work  for  NASA  in  support  of  NASA's  Space  Processing  Program  is 
described.  The  objectives  of  the  NBS  program  are  to  perform  ground-based 
studies  of  those  aspects  of  space  that  could  possibly  provide  a unique 
environment  for  making  materials  more  perfect  or  more  pure.  The  approach 
taken  deals  primarily  with  experimental  and  theoretical  studies  of  the 
possible  effects  of  the  absence  of  gravitational  forces  on  those  materials 
preparation  processes  where  the  presence  of  gravity  may  be  important  in 
reducing  perfection  or  purity.  The  materials  preparation  processes 
studied  comprise  6 tasks  in  the  areas  of  crystal  growth,  purification  and 
chemical  processing,  and  the  preparation  of  composites.  They  are: 

(1)  Crystal  Perfection  in  Czochralski  Growth 

(2)  Evaporative  Preparation  of  Ultranigh  Purity  Materials 

(3)  Vacuum  Effects  in  the  Preparation  of  Composite  Materials 

(4)  Melt  Shape  in  Weightless  Crystal  Growth 

(5)  Vapor  Transport  Synthesis  and  Crystal  Growth  of  Oxides 

(6)  Surface  Traction  and  Other  Surface  Phenomena 


*Paper  presented  by  R.  L.  Parker. 
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SUMMARY 

This  report  describes  NBS  work  for  NASA  in  support  of  NASA's  Space 
Processing  program.  The  objectives  of  the  NBS  program  are  to  perform 
ground-based  studies  of  those  aspects  of  space  that  could  possibly  provide 
a unique  environment  for  making  materials  more  perfect  or  more  pure.  The 
approach  taken  deals  primarily  with  experimental  and  theoretical  studies 
of  the  possible  effects  of  the  absence  of  gravitational  forces  on  those 
materials  preparation  processes  where  the  presence  of  gravity  may  be 
important  in  reducing  perfection  or  purity.  The  materials  preparation 
processes  studied  comprise  6 tasks  in  the  areas  of  crystal  growth,  purifi- 
cation and  chemical  processing,  and  the  preparation  of  composites. 

The  results  obtained  for  each  task  are  given  in  detail  in  the  body 
of  the  report.  Briefly,  in  Task  1 - Crystal  Perfection  in  Czochralski 
Growth  - an  intensive  study  has  been  performed,  and  optimum  solidification 
parameters  determined  for  the  production  of  highly  perfect  copper  crystals 
by  the  Czochralski  growth  process,  using  x-ray  topographs  and  rocking 
curve  measurements  of  crystal  perfection.  In  Task  2 - Evaporative  Prepara- 
tion of  Ultrahigh  Purity  Materials  - a calculational  procedure  involving 
the  use  of  complex  chemical  equilibria  was  developed  and  showed  that 
extensive  purification  can  be  obtained  in  evaporative  purification.  In 
Task  3 - Vacuum  Effects  in  the  Preparation  of  Composite  Materials  - the 
scanning  electron  microscope  was  used  to  study  the  effects  of  strain, 
surface  coatings  and  specimen  tilt  in  electron  channelling  patterns.  In 
Task  4 - Melt  Shape  in  Weightless  Crystal  Growth  - the  differential  equation 
for  the  shape  of  the  liquid-vapor  interface  in  the  presence  of  a gravitational 
field  has  been  extended  to  the  case  of  very  small  gravitational  fields,  and 
measurements  of  contact  angles  in  liquids  on  their  own  solids  have  begun.  In 
Task  5 - Vapor  Transport  Synthesis  and  Crystal  Growth  of  Oxides  - the  ZrC>2- 
Ta 2O5  system  was  investigated  in  chemical  vapor  transport  reactions  and  met 
with  severe  problems  in  the  quartz  reaction  tubes  and  resulted  in  very  small 
crystal  sizes;  additional  experiments  in  pure  vapor  phase  growth  of  HgCl2 
appear  promising.  In  Ip  sk  6 - Surface  Traction  and  Other  Surface  Phenomena  - 
the  pattern  of  thermocapi 1 lary  convection  cells  in  a liquid  drop  with  an 
axially  symmetric  temperature  field  on  the  surface  was  deduced. 

WMle  it  would  be  premature  to  draw,  at  this  stage,  extensive 
conclusions  from  these  studies  on  space  processing,  it  is  clear  that  the 
role  of  gravity  in  materials  processing  can  have  significant,  and  possibly 
limiting,  effects  on  purity  and  perfection  of  materials,  and  that  extensive 
experimental  and  theoretical  investigations,  in  ground-based  environments, 
are  important  base-line  information  needed  for  the  efficient  use  of  the  space 
environment  in  materials  processing. 
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Task  1 (Acct . No.  179-11-11-03) 


CRYSTAL  PERFECTION  IN  CZOCHRALSKI  GROWTH 
By 

M.  Kuriyama,  J.  G.  Early,  W.  J.  Boettinger  and  H.  E.  Burdette 
Institute  for  Materials  Research, 

National  Bureau  of  Standards 


SUMMARY 

In  the  absence  of  gravity,  thermal  convection,  i.e.,  convection 
induced  by  gravity  acting  on  density  differences  in  the  melt,  would  be 
expected  to  be  negligible.  Fluid  flow  in  the  melt,  including  thermal 
convection,  probably  affects  crystals  grown  from  the  melt.  At  present, 
the  relationship  between  crystal  growth  conditions,  in  particular  fluid 
flow  conditions,  and  the  degree  of  crystal  perfection  has  not  been  well 
established  for  metals.  An  intensive  study  has  been  performed  and 
reported  here  on  optimum  solidification  parameters  for  the  production  of 
highly  perfect  copper  crystals  by  Czochralski  growth.  In  this  research, 
the  crystal  perfection  has  been  assessed  by  non-destructive  methods  of 
x-ray  diffraction,  such  as  Borrmann  anomalous  transmission  and  rocking 
curve  measurements  by  double  crystal  dif f ractometry . The  copper  single 
crystals  have  been  grown  under  various  growth  conditions  where  the  ruLaLiou 
of  the  seed  and  of  the  melt  and  the  diameter  of  the  bottle-neck  are  chosen 
as  variables.  X-ray  topographs  have  been  analysed  along  with  the  data 
obtained  from  rocking  curve  measurements.  Tables  of  growth  conditions  and 
quantitative  data  of  rocking  curve  widths  are  presented  in  this  report  with 
the  x-ray  topographs.  Optimum  growth  parameters  resulting  in  highly  perfect 
crystals  have  been  determined.  Possible  mechanisms  for  obtaining  highly 
perfect  crystals  have  been  discussed. 

INTRODUCTION 

Although  for  many  years  certain  semiconducting  materials,  such  as 
Si  and  Ge  have  been  grown  from  the  melt  phase,  free  of  dislocations,  it  has 
not  generally  been  possible  to  grow  sizable  metal  crystals  free  of  dis- 
locations. The  reasons  for  this  are  still  not  entirely  clear.  The  diffi- 
culty in  growing  highly  perfect  metal  crystals  may  be  attributed  to  their 
low  dislocation  energy  and  high  dislocation  mobility,  compared  with  those 
factors  for  semiconducting  crystals.  Imperfections  can  be  produced  by 
Imp  »ritv  particles  present  in  the  melt  which  may  originate  in  the  container 
used  to  hold  the  melt. 

In  addition  to  these  defect  sources,  one  certainly  cannot  neglect 
sources  related  to  thermal  conditions.  Among  them,  the  presence  of  thermal 
convection  and  other  fluid  flow  phenomena  in  the  melt  may  affect  solidifica- 
tion processes  resulting  in  the  build-up  of  inhomc geneous  strain  fields 
sufficiently  large  to  cause  dislocations  to  multiply.  Since  thermal  convection 
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is  induced  predominantly  by  gravity  acting  on  density  differences  in  the 
melt,  it  is  usually  impossible  to  control  completely  fluid  flow,  especially 
convection,  during  crystal  growth  on  the  earth's  surface. 

At  the  present  time,  the  relationship  between  the  crystal  growth 
conditions  and  the  degree  of  crystal  perfection  has  not  been  well  established 
for  metals.  As  a continuation  and  an  expansion  of  our  previous  work,  an 
intensive  study  has  been  performed  and  reported  here  on  optimum  solidifica- 
tion parameters  for  the  production  of  large,  highly  perfect  metal  crystals 
by  Czochralski  growth.  In  this  research  as  well  as  in  the  previous  study, 
a non-destructive  assessment  of  the  crystal  perfection  of  the  grown  crystals 
is  indispensable.  Further  development  has,  therefore,  been  continued  on 
high  resolution  X-ray  diffraction  methods  for  the  characterization  of  such 
crystals.  Hereafter,  our  previous  work  will  be  refered  to  as  Report  I*. 

In  the  present  report,  emphasis  will  be  placed  on  studying  the 
resultant  crystal  perfection  from  the  following  aspects: 

a.  reproducibility  of  crystal  perfection  for  given  growth 
conditions, 

b.  "bottle-necking"  effects  in  the  processes  of  crystal  growth, 

c.  annealing  effects  after  sample  crystals  are  prepared  in  a 
disc  form. 

In  studying  crystal  perfection  as  a functional  of  fluid  flow,  it  is  necessary 
first  to  establish  the  fact  that  there  is,  indeed,  a relation  between  the 
crystal  perfection  and  the  fluid  flow  conditions.  In  Report  I,  we  have 
discussed  such  a relation,  based  on  our  preliminary  experiments.  However, 
it  was  not  conclusive  whether  or  not  the  variations  of  crystal  perfection 
are  caused  by  fluid  flow  conditions,  per  se,  or  by  other  factors,  such  as 
the  perfection  of  seed  crystals,  and  the  procedures  of  handling  grown 
crystals.  In  view  of  this,  it  is  important  to  check  whether  one  can 
reproduce  the  same  degree  of  crystal  perfection  f or  a given  fluid  flow 
condition.  This  check  cannot  be  done  without  including  aspects  b and  c» 
although  analysing  the  results  in  aspect  a alone  seems  sufficient  enough 
to  define  the  optimum  fluid  flow  conditions  in  the  melt  for  the  present 
purpose . 


EXPERIMENTAL  PROCEDURES 

The  details  of  the  experimental  procedures  and  the  principles  of 
x-rr y diffraction  mechanisms  which  ar 3 required  to  perform  the  present 
work  have  been  described  in  Report  I.  In  the  present  report,  only  changes 
and  improvements  will  be  discussed,  along  with  a brief  description  of  the 
techniques  we  use. 


* Government  Order  H-84832A,  National  Aeronautics  and  Space  Administration; 
NBS  Report  10873. 
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The  schematic  diagram  of  the  Czochralski  pulling  apparatus  is  shown 
in  Fig.  1,  where  the  principle  variables  defining  growth  conditions  are 
denoted  by  x (pulling  speed),  y (seed  rotation)  and  z (crucible  rotation). 

The  pulling  speed  is  generally  between  0.013  cm/min.  and  0.1  cm/min.  The 
speed  does  not  cause  as  significant  a change  in  diameter,  except  for  crystals 
having  a small  bottle-neck  diameter  ('0,05  cm),  as  does  the  temperature  in 
the  melt.  When  the  crystal  initially  grows  with  a very  small  bottle-neck 
diameter,  the  pulling  speed  affects  the  diameter  of  the  growing  part 
significantly  until  the  bottle-neck  region  completely  clears  the  top  of 
the  furnace. 

Crystal  boules  were  grown  by  narrowing  the  diameter  at  one  region  of 
the  boule  and  increasing  the  diameter  for  the  rest  of  the  boule  till  the 
desired  crystal  diameter  (1.5  cm  - 3.0  cm)  is  reached.  Narrowing  the 
crystal  diameter  (the  bottle-neck)  can  be  produced  by  increasing  the 
temperature  of  the  melt.  Two  examples  of  crystal  boules  are  shown  in  Fig.  2. 
Because  of  extremely  narrow  bottle-necks,  the  removal  of  crystal  boules 
from  the  puller  required  the  following  procedures  to  be  adopted  to  prevent 
any  flexing  of  the  crystal  in  the  neck  region  which  would  induce  strains  and 
dislocations.  When  the  boule  has  cooled  to  room  temperature,  a mold  is 
placed  around  the  boule,  but  not  touching  it.  The  mold  is  then  filled  with 
molten  paraffin  (at  approximately  40°C) . When  the  wax  has  cooled,  the 
crystal  is  released  from  the  puller.  The  wax  supports  the  neck  while  the 
crystal  is  mounted  on  an  acid  saw. 

At  least  three  slices  of  sample  crystals  were  cut  from  different 
regions  of  each  boule.  One  of  the  slices  was  annealed  at  1000°C  for 
three  days  in  a hydrogen  (dew  point  - -90°F)  flow  furnace.  The  thicknesses 
of  the  slices  were  determined  by  use  of  the  Borrraann  (anomalous  transmis- 
sion) effect  of  x-ray  diffraction.  Fig.  3 illustrates  schematically  the 
exparimental  arrangement  and  the  derivation  of  the  thickness  equation 

D " (LQ  - Lg) / tan  9. 

In  the  present  work,  the  slit  placed  in  the  x-ray  beam  before  the  crystal 
is  0.01  cm  wide.  A photograph  of  a nuclear  plate  used  for  the  determination 
of  thickness  is  shown  in  Fig.  4,  where  the  (111)  Bragg  diffraction  was  used 
with  Cu  Kaj  radiation. 

For  the  characterization  of  the  perfection  of  sample  crystals,  we 
have  used  two  different  x-ray  optical  alignments,  namely  an  asymmetrical 
topographic  camera  and  a high  resolution  double  crystal  spectrometer.  The 
former,  which  will  be  called  ATC  hereafter,  was  designed  in  order  to  enable 
us  to  survey  a large  number  of  sample  crystals  effectively  in  a shorter 
time  period  than  that  required  for  ordinary  topography.  Although  this  was 
accomplished  at  the  expense  of  high  resolution,  the  quality  of  topographs 
from  the  ATC  remained  just  as  good  as  in  ordinary  x-ray  topography.  (It 
was  one  of  the  requirements  for  this  design  to  maintain  such  high  quality 
in  the  topographc.) 
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In  the  ATC,  the  first  crystal  is  a silicon  crystal  whose  surface 
makes  an  angle  of  13.5°  with  the  (111)  diffracting  plane.  The  incident 
x-ray  beam  falls  on  the  crystal  surface  almost  parallel  to  it,  and  the 
(111)  diffracted  beam  appears  with  a size  of  1.7  cm  x 2.5  cm,  being 
sufficiently  large  enough  to  cover  the  entire  area  of  sample  crystals. 

Care  must  be  taken  with  the  first  crystal  so  that  it  would  not  superimpose 
its  own  surface  structure  on  topographs  of  the  structure  of  the  sample 
crystal.  This  requirement  often  induces  an  unavoidable  lack  of  ideal 
high  resolution  in  the  ATC.  The  schematic  diagram  of  the  ATC  is  shown  in 
Fig.  5.  Topographs  are  taken  from  the  sample  crystal  (Cu)  both  in  trans- 
mission geometry,  where  the  (111)  diffraction  of  copper  is  used,  and  in 
reflection  geometry,  where  the  (220)  diffraction  is  used. 


To  obtain  diffraction  rocking  curves  and  high  resolution  topographs 
at  various  locations  on  the  sample  crystals,  the  high  resolution  double 
crystal  spectrometer  (hereafter  called  the  spectrometer)  has  been  used  with 
a scanning  stage  mounted  on  it.  The  schematic  diagram  of  the  spectrometer 
is  shown  in  Fig.  6,  where  the  first  crystal  Is  only  shown  in  reflection 
geometry.  A photograph  of  the  spectrometer  in  operation  is  shown  in  Fig.  7. 
A silicon  crystal  of  disc  shape  whose  surface  is  a (110)  crystallographic 
plane  has  been  chosen  as  the  first  crystal  to  obtain  a well  collimated 
monochromatic  beam  from  the  (220)  .^ragg  diffraction  both  in  reflection  and 
transmission  geometry.  Between  the  x-ray  source  of  a point  focus  x-ray 
tube  and  the  first  crystal,  a horizontal  slit  of  6 mm  and  a vertical  slit 
of  0.3  mm  have  been  inserted.  When  the  first  crystal  is  in  reflection 
geometry,  two  vertical  slits  of  0.15  mm  and  0.10  mm,  respectively,  are 
placed  a distance  of  3 cm  apart  from  each  other  before  the  second  crystal. 
When  the  first  crystal  is  in  transmission  geometry,  no  slits  are  inserted. 


The  quality  of  the  beam  was  checked  by  measuring  ' \e  rocking  curves 
of  a dislocation  free  germanium  crystal  which  was  placed  at  the  second 
crystal  position.  The  full  width  at  half  maximum  (FWHM)  of  the  rocking 
curve  from  the  (220)  germanium  diffraction  was  determined  to  be  12.8 
seconds  of  arc  in  the  Si  (220)  surface/Ge  (220)  surface  mode  and  15.5 
seconds  of  arc  in  the  Si  (220)  transmission/Ge  (220)  surface  mode,  where 
Cu  Ka  radiation  is  used  throughout. 


EXPERIMENTAL  RESULTS 


1.  Fluid  Flow  Conditions 

The  fluid  flow  conditions  in  the  melt  during  crystal  growth  are 
classified  into  groups  by  different  sets  of  values  of  the  principle 
variables,  angular  velocity  of  crucible  and  seed  rotation,  as  listed  in 
Table  I.  By  interchanging  the  values  of  y and  z,  we  obtain  A with  opposite 
signs.  Based  on  the  results  in  Report  I and  the  results  in  the  present 
work,  there  appears  tc  be  no  significant  difference  in  the  resultant 
crystal  perfection  due  to  the  difference  in  the  sign  of  A.  Therefore,  we 
do  not  discriminate  fluid  flow  conditions  from  each  other  when  the  sign  of 
A is  changed  by  exchanging  the  values  of  y and  z. 
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In  addition,  we  have  introduced  another  parameter  indicating  the 
diameter  of  the  bottle-necks  grown  during  the  crystal  growth  process. 

There  are  always  at  least  two  different  bottle-neck  diameters  chosen  in 
each  group;  one  is  very  narrow,  usually  less  than  1 mm  and  the  other  between 
2 nin  and  4 mm. 


2.  Spectroscopic  Data 

In  Table  II,  we  list  the  values  of  rocking  curve  widths  (FWHM) 
observed  in  both  transmission  and  surface  reflection  geometry  for  all  the 
growth  conditions,  including  annealing.  The  crystal  is  considered  to  be 
more  perfect,  the  smaller  the  observed  width.  The  crystals  are  ranked,  as 
shown  in  the  eighth  and  ninth  columns,  in  increasing  order  of  their  widths. 
The  annealed  crystals  are  ranked  separately  with  the  letter  A accompanied 
by  their  rank.  The  ranks  based  on  the  transmission  data  should  be  judged 
along  with  the  values  of  jjL,  because,  even  with  the  same  degree  of  perfec- 
tion, thicker  crystals  show  narrower  widths. 


In  most  crystals,  the  perfection  is  not  uniform  throughout  the 
crystal.  Rocking  curves  taken  at  different  locations  from  the  same  crystal 
are  shown  in  Fig.  8,  where  the  (220)  diffraction  is  set  in  reflection 
geometry.  Other  examples  of  local  rocking  curves  are  shown  in  Fig.  9, 
where  the  (111)  diffraction  is  set  in  transmission  geometry  ( pL.  - 25).  In 
this  figure,  the  horizontal  axis  represents  a decreasing  glancing  angle  to 
the  right.  The  little  humps  on  the  right  side  of  the  individual  profiles 
correspond  to  the  Bragg  diffraction  due  to  Cu  radiation.  The  separation 

of  the  a ] ana  012  peaks  in  the  Si  (220) /Cu  (111)  non-parallel  (11)  setting  is 
-20.8  second  of  arc,  which  is  given  by  the  difference  between  the  separation 
of  a\  and  a2  due  to  Si  (220)  and  that  due  to  the  Cu  (111)  diffraction. 


Typical  rocking  curve  profiles  are  shown  in  Fig.  10  and  11  for  various 
crystals.  In  Fig.  10,  the  curves  were  obtained  in  both  transmission  and 
surface  reflection  geometry  of  the  copper  crystal  with  the  first  crystal. 

Si  (220),  in  transmission  geometry.  The  horizontal  axis  represents  an 
increasing  glancing  angle  to  the  right.  The  smaller  peaks  correspond  to 
the  a2  diffraction:  the  separation  in  the  reflection  geometry  is  calculated 

to  be  +163.0  seconds  of  arc.  Fig.  11  shows  the  rocking  curve  profiles  from 
a crystal  of  good  quality  (#037303)  and  a typical  rocking  curve  from  a 
crystal  of  poor  perfection  (//035302).  The  latter  crystal  did  not  produce 
observable  anomalous  transmission. 


3.  X-Ray  Topographs  of  the  Grown  Crystals 

As  mentioned  previously,  diffraction  topographs  were  taken  by  two 
different  x-ray  alignments,  the  ATC  and  the  scanning  spectrometer.  The 
topographs  taken  by  the  ATC  usually  gave  the  entire  vi^w  of  the  sample 
crystals,  unless  the  crystal  size  was  larger  than  the  size  of  the  x-ray 
beam.  Examp.les  of  the  topographs*  are  shown  in  Figs.  123,  b and  13a,  b 
in  both  the  reflection  and  the  transmission  geometry  from  as  grown  crystals. 


* Mnnv  of  th*’  enlargements  of  the  topographs  are  formed  as  composite  photo- 
graphs as  a jesult  of  limitations  of  the  microscope  used  in  the  enlargement 
tec  unique . 
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Since  for  lack  of  space  we  cannot  show  all  the  topographs  here,  we  shall 
describe  the  qualities  of  the  crystals  as-grown  in  various  growth  conditions, 
based  on  their  topographs. 

The  crystals  grown  in  Growth  Condition  I with  a narrow  neck  generally 
produced  surface  topographs  (obtained  by  a surface  Bragg  diffraction)  almost 
as  good  as  those  shown  in  Figs.  12a  and  13a,  but  with  a continuous  distribu- 
tion of  darkness  (excess  intensity)  areas  which  we  call  "strain  contours". 

The  transmission  topographs  (taken  in  transmission  geometry)  indicated, 
however,  much  poorer  quality  in  those  crystals,  showing  the  anomalous  trans- 
mission only  in  about  50%  of  the  total  area. 

In  contrast,  the  crystals  grown  in  Growth  Condition  I with  a wider 
neck  showed  much  poorer  quality  in  their  surface  topographs,  in  vhich  not 
only  the  strain  contours,  but  many  lines  of  imperfections  appeared.  These 
crystals  usually  did  not  produce  good  transmission  topographs. 

The  crystals  grown  in  Growth  Condition  II  were  of  a quality  similar 
to  those  grown  in  Growth  Condition  I with  larger  necks.  The  surface  topo- 
graphs showed  many  strain  contours  and  often  the  topograph  images  did  not 
cover  the  entire  exposed  area  of  the  crystals.  The  transmission  topographs 
were  broken  up  into  many  areas,  indicating  that  the  perfect  crystal  areas 
were  very  much  limited  within  small  local  regions.  These  results  were 
consistent  in  this  growth  condition,  regardless  of  their  bottle-neck 
diameters . 

The  crystals  gi own  in  Growth  Condition  TIT  viih  a narrow  neck 
generally  displayed  the  best  quality  of  perfection.  Fig.  12a,  b and 
Fig.  13a,  b are  examples  of  the  topographs  from  the  crystals  grown  in 
this  condition.  The  surface  topographs  showed  much  fewer  v.rater-type 
images  than  those  taken  from  the  crystals  grown  under  other  growth 
conditions.  The  number  of  visible  dislocations  in  the  surface  topographs 
are  found  to  range  between  11  and  100  dislocations  per  cm2  for  the 
crystals  as-grown  in  this  condition.  The  transmission  topographs,  however, 
reveal  more  imperfections  in  the  interior  of  the  crystals,  as  shown  in 
Fig.  12b  and  13b.  One  of  the  common  features  in  the  transmission  topo- 
graphs from  these  crystals  is  shown  in  Fig.  13b,  although  this  crystal 
happened  to  show  this  feature  in  a somewhat  exaggerated  fashion.  In  this 
topograph,  many  lines  runs  normal  to  the  <111>  direction.  The  Bragg 
diffraction  in  this  case  is  ^111).  Also,  additional  lines,  though  less 
visible,  run  normal  to  the  <111>  direction.  In  addition,  there  appear 
black  and  white  bands  parallel  t q the  <110>  direction.  Those  lines  are 
caused  by  extended  dislocations  associated  with  a stacking  fault,  running 
almost  parallel  to  the  <101>  direction.  The  lines  probably  represent 
Lomer-Cottrell  locking  of  the  interacting  dislocations. 

The  crystals  grown  in  this  condition  but  with  n large  neck  diameter 
generally  produced  topographs  of  almost  the  same  quality  of  perfection  as 
the  crystals  grown  in  Growth  Condition  I with  a large  bottle-neck.  The 
transmission  topographs  consisted  of  several  regions,  indicating  that  there 
were  few  highly  perfect  regions  throughout  the  crystals. 
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The  crystals  grown  In  Group  Condition  IV  could  not  be  Investigated 
by  x-ray  topography,  as  they  were  not  single  crystals. 

Under  Growth  Condition  V,  regardless  of  the  bottle-neck  diameter, 
the  crystals  displayed  typical  mosaic  structures,  as  shown  in  Fig.  14a. 

No  transmission  topographs  were  produced. 

Now  we  turn  to  the  annealing  effects.  As  indicated  in  table  II,  at 
least  one  crystal  from  the  boules  in  each  growth  condition  was  annealed. 

As  shown  in  Fig.  14b,  the  surface  topograph  from  an  annealed  crystal  of 
Growth  Condition  V is  just  as  bad  as  Fig.  14a,  indicating  that  the  rosaic 
structure  was  not  at  all  affected  by  annealing.  The  annealed  crystals  of 
Growth  Condition  II  showed  polygonization,  which  usually  resulted  in  the 
formation  of  several  subgrains. 

All  the  topographs  taken  from  the  annealed  crystals  in  Growth 
Conditions  I and  III  showed  an  equally  high  degree  of  perfection  in  both 
surface  and  transmission  geometry.  The  resultant  degree  of  perfection  was 
almost  independent  of  the  bottle-neck  diameters.  Examples  of  the  surface 
and  transmission  topographs  are  shown  in  Fig.  15a,  b and  Fig.  16a,  b, 
respectively  of  Growth  Condition  I and  Growth  Condition  III.  As  seen  in 
the  transmission  topographs,  the  Lomer-Cottrell  locks  of  dislocations 
disappeared  and  dislocation  networks  appeared  rather  randomly. 

The  number  of  dislocations  counted  on  the  surface  topographs  for 
these  annealed  crystals  was  less  than  23  dislocations  per  cm2,  the  smallest 
number  observed  was  7 disl./cm2.  The  dislocation  densities  can  be  obtained 
from  the  transmission  topographs  which  show  all  the  dislocations  in  the 
interior  of  the  crystals.  In  this  case,  the  dislocation  density  is  equal 
to  the  number  of  dislocations  multiplied  by  the  length  of  each  dislocation 
divided  by  the  volume  where  the  dislocations  are  counted.  The  average 
number  of  dislocations  thus  obtained  was  15  dislocations  per  cm2.  The 
smallest  number  was  12.8  dislocations  per  cm2.  In  these  annealed  crystals, 
there  were  always  subgrain  boundaries  observed,  which  were,  of  course, 
considered  to  be  piled-up  dislocations,  but  were  not  included  in  the  count 
of  individual  disj oca t ions . These  subgrain  boundaries  would  have  eventually 
been  driven  out  of  the  crystals,  if  we  had  annealed  the  crystals  for  a 
longer  period  of  time. 

In  Fig.  17a  and  b,  we  show  the  composite  topographs  taken  from  the 
same  crystal  as  in  Fig.  15a  and  b by  the  scanning  spectrometer.  The 
resolution  is  much  higher  in  Fig.  17  than  Fig.  15.  The  striation-like 
background  which  is  seen  in  Fig.  15  is  not  present  in  Fig.  17.  This  back- 
ground was  caused  by  the  image  structure  due  to  the  asymmetrical  silicon 
crystal.  In  the  transmission  topograph  of  the  scanning  spectrometer,  the 
details  of  the  dislocation  networks  are  clearly  visible.  A few  examples 
of  enlarged  topographs  taken  by  the  spectrometer  are  shown  in  Fig.  18a,  b 
and  c,  representing  a .highly  perfect  region,  an  intermediate  region  and  a 
highly  dislocated  region,  respectively. 
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CONCLUSION  AND  DISCUSSION 


We  would  like  to  emphasize  one  of  our  principles  followed  in 
conducting  the  present  work.  At  present,  many  people  believe  that 
growing  perfect  crystals  is  still  an  art  where  personal  skills  play 
significant  roles.  Although  we  do  not  object  to  this  view,  and  often 
agree  with  this  view  based  on  our  experience,  we  have  attempted  to 
eliminate  such  an  art  from  the  present  work.  This  attitude  probably 
resulted  in  producing  crystals  less  perfect  than  they  could  be.  However, 
we  see  significance  in  establishing  reproducibility  of  the  resultant 
crystal  perfection  as  a functional  of  growth  conditions,  rather  than  a 
functional  of  the  "art"  part  of  crystal  growth  technology.  In  the 
present  work,  we  grew  crystals  as  routinely  as  possible,  with  the  least 
effort  of  human  control.  Once  the  variables  were  set,  we  did  not  attempt 
to  modify  these  variables  in  response  to  local  perturbations  which  occurred 
from  time  to  time  during  growth.  During  the  growth  process,  we  were  tempted 
more  often  than  not  to  correct  the  diameter  by  changing  temperatures  or  to 
increase  the  pulling  or  rotation  speed  when  the  melt  surface  started 
vibrating  occasionally.  However,  we  made  none  of  these  possible  corrections. 

In  the  present  work,  the  spectroscopic  data  indicated  that  Growth 
Condition  III  generally  produced  crystals  of  higner  perfection,  along  with 
crystals  produced  under  Growth  Condition  I with  narrow  necks.  These  results 
are  in  good  agreement  with  the  observations  of  the  x-ray  topographs.  The 
topographs  obtained  by  the  scanning  spectrometer  further  helped  to  distinguish 
the  subtle  differences  in  she  resultant  nullities  from  c end it ions  I and  III. 
Those  topographs  Indicated  that  Growth  Condition  III  with  narrow  bottle-necks 
usually  produced  crystals  of  better  quality  than  Condition  I.  The  other 
growth  conditions  are  clearly  inferior  to  Conditions  I and  III.  It  is, 
therefore,  concluded  that  Growth  Condition  III  is  most  optimum  for  growing 
a single  crystal  of  high  perfection,  when  the  bottle-neck  is  made  less  than 
one  millimeter  in  diameter. 

If  one  anneals  as-grown  crystals  afterward,  Growth  Conditions  I and 
III  with  narrow  bottle-necks  result  in  almost  the  same  degree  of  crystal 
perfection.  However,  crystals  grown  in  the  other  conditions  did  not  show 
much  improvement  in  quality  as  a result  of  annealing.  It  is,  therefore, 
further  concluded  that  annealing  becomes  most  effective  only  when  the  grown 
crystals  are  already  highly  perfect. 

In  the  optimum  growth  condition,  the  density  of  dislocations  can  be 
as  low  as  11  dislocations  per  cm2  for  "as-grown"  crystals,  and  as  low  as 
7 dislocations  per  cm2  for  annealed  crystals.  The  lowest  dislocation 
density  measured  from  the  transmission  topographs  was  12.8  dislocations/cm2 
which  is  in  good  agreement  with  the  dislocation  densities  determined  from 
surface  topographs. 

Apart  from  the  growth  conditions  that  we  studied  from  the  viewpoint 
of  fluid  flow,  it  may  be  worthwhile  to  mention  that  gravity  "can  be  considered 
as  a driving  force  to  produce  slip  in  the  crystals  during  their  growth 
pro'oss,  as  indicated  in  the  previous  section.  The  weight  of  the  crystal  may 
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cause  slip  when  the  crystal  Is  being  pulled.  However,  these  dislocations 
interact  with  each  other,  forming  Lome r- Cot trel 1 locks  and  becoming  immobile. 
Then  the  resultant  crystal  becomes  highly  perfect.  This  presumably  takes 
place  in  Growth  Conditions  I and  III.  If  wide-spread  slip  occurs  or  if 
many  dislocations  form  randomly,  as  in  the  case  of  the  other  growth 
conditions,  then  the  locking  would  not  take  place  and  the  dislocations 
would  still  be  mobile  and  affect  the  subsequently  grown  part  of  the  crystal, 
resulting  in  a less  perfect  crystal.  The  lack  of  gravity  in  space  may 
favor  the  growing  of  perfect  crystals  from  this  point  of  view,  which  may 
be  entirely  independent  of  fluid  flow  conditions. 

Because  of  the  lack  of  time,  we  could  not  investigate  crystal 
perfection  in  Growth  Conditions  III  in  more  detail  by  the  use  of  nigh 
resolution  scanning  spectrometry.  It  is  highly  desirable  to  pursue  the 
study  of  this  growth  condition  combined  with  "art"  part  of  crystal  growth 
techniques  and  establish  the  correlation  between  the  crystal  perfection 
and  the  fluid  flow  motion. 


Table  1 


Group 

Number 

Crucible 
Rotation  (Y) 

Seed 

Rotation  (Z) 

Difference 
(A  - Y - Z) 

Crystal 

boules* 

I 

-5.4  rpm 

-6.0  rpm 

+0 . 6 rpm 

21,22,23,24,25, 

29,35,36 

i 

II 

+6.0  rpm 

+10.0  rpm 

-4.0  rpm 

10,13,16,26,27,  j 

38,39  j 

III 

-20.6  rpm 

-20.0  rpm 

-0 . 6 rpm 

20,28,30,37 

IV 

+30.0  rpm 

+20.0  rpm 

+10.0  rpm 

31,32,33 

v 1 

: 

-6.6  rpm 

i 

+6.0  rpm 

-12.6  rpm 

14,15,34  j 

J 

* 


Boule  number  21,  for  example,  stands  for  the  first  three  d-f-its  021 
of  the  number  of  sample  crystals. 
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Table  II 


Growth 

Condition 

Neck 

Diameter 

mm 

Crystal 

Slice 

Number 

Post 

Growth 

Treatment 

Thickness 

mm 

(220)  Surface 
Reflection 
FWHM 

Seconds  of  Arc 

(111)  Transmission 
FWHM 

Perfection 

Ranking 

uL 

Seconds  of  Arc 

Surface ! 

Transmission 

I 

1.4 

02  3 >02 

As  Grown 

0.40 

70 

uj  i2  not  resolved 

m 

— 

22.05 

I 

1.4 

023)03 

Annealed 

0.40 

U)  u2  not  resolved 

— 

22.05 

i 

<i 

024  301 

As  Crown 

0.6580 

35 

18 

3 

36.27  ! 

I 

2 

025303 

As  Grown 

0.5883 

35 

14 

1 

32.43 

I 

2 

025302 

Annealed 

0.  3488 

29 

14 

4A 

19.23 

I 

1.2 

035302 

As  Grown 

0.50 

47 

Not  Observed 

5 

7 

27.56 

I 

1.2 

035301 

Annealed 

0.  7549 

36 

11 

5A 

2A 

41.60 

I 

.1 

036301 

As  Grown 

0.2463 

35 

20 

2 

4 ! 

13.58 

I 

a 

036303 

Annealed 

0.3838 

32 

12 

3A 

3A 

21.15 

II 

l 

026301 

As  Grown 

0.5502 

46 

17 

4 

; 2 

30.33 

II  1 

l 

026302 

Annealed 

0.5629 

33 

11 

4A 

2A 

31.03 

II 

; 4 

027303 

As  Grown 

S 0.2550 

! 50 

Multiple  Peaks 

6 

5 

14.06 

II 

: 4 

027301 

Annealed 

0.1791 

40 

15 

6A 

5A 

9.87 

III 

1 <1 

028303  ' 

As  Grown  1 

0.8934 

32 

14 

1 

; i 

j 49.24 

i III 

<1 

028301 

Annealed 

! 0.7989 

37 

10 

2A 

: ia 

44.03 

III 

>2 

030  302 

As  Grown 

i 0.40 

43 

Multiple  Peaks 

3 

5 

22.05 

III 

>2 

030303 

Annealed 

0.4638 

31 

12 

2A 

3A 

25.56 

III 

037303 

As  Grown 

0.1439 

35 

17 

2 

2 

7.93 

| 111  ! 

.1 

037302 

Annealed 

A 

0.7101 

31 

11 

2A 

\ 2A 

39.14 

IV 

Pclycrystailine  Boule 

V 

3 

034303 

As  Grown 

Multiple  Crains 

; V 

3 

034301 

Annealed 

wM 

Multiple  Grains 

FIGURE  1.  SCH FMAT  I C DIAGRAM  OK  CF.OC URALSK  I 
CRYSTAL  CROW  INC  APPARATUS 

A - SKKD  CRYSTAL 
B - BOTTLE-NECK  RKCTON 

c - solid'liqpid  interface  region 

n - m Kir 

K - CRUCIBLE 

F - RES  1 S I'ANC F.  UKAI'FR 

X - PULLING  SPEED  AND  DIRECTION 

Y - SEED  ROTATION  SPEED  AND  DIRECTION 

7 - CRUCIBLE  R(  TAT  TON  SPEED  AND  DIRECTION 


FIGURE  ? PHOTOGRAPH  OF  CRYSTAL,  ROUTES  GROWN  WITH 
DIFFERENT  BOTTLE-NECK  DIAMETERS. 

a,  BOTTLE-NECK  DIAMETER  = 4,7  ■ CRYSTAL 
#020000 

b.  BOTTLE-NECK  DTAMF.TER  - 0.675  mm 
CRYSTAL  -'‘024000 


FIGURE  3 SCHEMATIC  OF  EXPERIMENTAL  PROCEDITIE  USED 
IN  THE  DETERMINATION  OK  THE  CRYSTAL 
THICKNESS 
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FIGURE  4 PHOTOGRAPH  OF  NUCLEAR  PLATE  USED  TO 
DETERMINE  THE  THICKNESS  OF  COPPER 
CRYSTAL  *028301 


FIGURE  5 SCHEMATIC  DIAGRAM  OF  THE  ASYMMETRICAL 
TOPOGRAPHIC  CAMERA  ILLUSTRATING  BOTH 
THE  SURFACE  REFLECTION  AND  TRANSMISSION 
MODE 


COUNTER 

SYSTEM 


FIGURE  6 SCHEMATIC  DIAGRAM  OF  THE  HIGH  RESOLUTION 
DOUBLE  CRYSTAL  SPECTROMETER  WITH  SCANNING 
CAPABILITY  ILLUSTRATING  BOTH  THE  SURFACE 
REFLECTION  AND  TRANSMISSION  MODE. 


FICU’RE  7 PHOTOGRAPH  OF  HTGH  RESOLUTION  DOUBLE 
CRYSTAL  SPECTROMETER  WITH  SCANNING 
STAGE 

A - X-RAY  TUBE 

B - 1ST  CRYSTAL,  SILICON,  SHOWN  IN 
REFLECTION  GEOMETRY 
C - SLIT  SYSTEM 
D - 2ND  CRYSTAL,  COPPER  SAMPLE 

CRYSTAL  SHOWN  IN  TRANSMISSION 
GEOMETRY 

E - NUCLEAR  PIATE 
F - COUNTER  SYSTEM 
G - SCANNER  STAGE 

NOT  SHOWN  FOR  CLARITY  IS  ADJUSTABLE  SLIT 
SYSTEM  BETWEEN  D AND  E WHICH  STOPS  DIRECT 
AND  TRANSMITTED  X-RAY  BEAMS  FROM  REACHING 
FITM. 
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SURFACE  REFLECTION  (220) 
Cm  • 028303 


[+  10  SECONDS 


£ ■ooof- 


Uili  JIUli 

INCIDENT  ANGLE 


FIGURE  8 DIFFRACTION  ROCKING  CURVES  TAKEN 
IN  THE  SURFACE  REFLECTION  GEO- 
METRY FOR  COPPER  CRYSTAL 
"028303  AT  THREE  DIFFERENT 
LOCATIONS  ON  THE  CRYSTAL. 


uj  >000}- 


TRANSMISSION  (Ml) 
Cu  • 030303 


H h 


10  SECONDS 


INCIDENT  ANGLE 

b c 


FIGURE  9 DIFFRACTION  ROCKING  CURVES  TAKEN 
IN  THE  TRANSMISSION  GEOMETRY  FOR 
COPPER  CRYSTAL  #030303  AT  FOUR 
DIFFERENT  LOCATIONS  ON  THE 
CRYSTAL. 


INTENSITY 


TRANSMISSION  (III)  SURFACE  (EEO) 


ANCLE 


FIGURE  10  DIFFRACTION  ROCKING  CURVE  TAKEN 
TN  BOTH  THE  SURFACE  REFLECTION 
AND  TRANSMISSION  GEOMETRY  FOR 
COPPER  CRYSTAL  #026302  AT  ONE 
LOCATION.  FOR. THIS  ALIGHMENT , 
BOTH  THE  COPPER  Kct^  AND  Ka2 

COMPONENTS  ARE  PRESENT  WITH 
THE  SMALLER  PEAK  DUE  TO  THE  Ka2 

COMPONENT. 
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SURFACE  REFLECTION  TRANSMISSION 


INCIDENT  ANGLE 
Cu.  # 035302 


INCIDENT  ANGLE 


FIGURE  11  DIFFRACTION  ROCKING  CURVES  TAKEN 
FROM  A TYPICALLY  GOOD  COPPER 
CRYSTAL  (#037303)  IN  BOTH  SURFACE 
REFLECTION  AND  TRANSMISSION 
GEOMETRY  AND  A TYPICALLY  POOR 
COPPER  CRYSTAL  (#035302)  IN 
SURFACE  REFLECTION. 
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INTENSITY  COUNTS  PER  SECOND 


FT CURE  12A  ATC  X-RAY  TOPOGRAPHS  0*  AS-GROWN 
COPPER  CRYSTAL  #028303,  GROWTH 
CONDITION  III:  (220)  SURFACE 

REFLECTION  COMPOSITION  TOPOGRAPH 
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FIGURE  12B  ATC  X-RAY  TOPOGRAPHS  OF  AS-GROWN 
COPPER  CRYSTAL  #028303,  GROWTH 
CONDITION  III;  (111)  TRANS- 
MISSION TOPOGRAPH 
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FIGURE  1 3A  ATC  X-RAY  TOFOCRAPHR  OF  AS-GROWN 
COPPER  CRYSTAL  *03730'*,  GROWTH 
CONDITION  III;  (220">  SURFACE 
REFLECTION  COMPOSITE  TOPOGRAPH 
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FIGITRE  13B  ATC  X-RAY  TOPOGRAPHS  OF  AS-GROWN 
COPPER  CRYSTAL  ••••037303,  GROWTH 
CONDITION  III;  (111)  TRANS- 

MISSION TOPOGRAPH 
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FIGURE  14A  ATC  X-RAY  TOPOGRAPHS  OF  COPPER  CRYSTALS  FICURE  14B 

GROWN  UNDER  GROWTH  CONDITION  V;  (22G) 

SURFACE  REFLECTION  COMPOSITE  TOPOGRAPH 
OF  AS-GROWN  COPPER  CRYSTAL  "034303 


ATC  X-RAY  TOPOGRAPHS  OF  COPPER  CRYSTALS 
GROWN  UNDER  GROWTH  CONDITION  V;  (220) 
SURFACE  REFLECTION  COMPOSITE  TOPOGRAPH 
OF  ANNEALED  COPPER  CRYSTAL  "034301 
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FIGURE  15A  ATC  X-RAYTTOPOCRAPHS  OF  ANNEALED  COPPER 
CRYSTAL  #025302 , GROWTH  CONDITION  1; 

(220)  SURFACE  REFLECTION  COMPOSITE 
TOPOGRAPH 


FIGURE  15B  ATC  X-RAY  TOPOGRAPHS  OF  ANNEALED  COPPER 
CRYSTAL  #025302,  GROWTH  CONDITION  1; 

(111)  TRANSMISSION  COMPOSITE 
TOPOGRAPH 


FIGURE  16A  ATC  X-RAY  TOPOGRAPHS  OF  ANNEALED  COPPER 
CRYSTAL  -'*030303,  GROWTH  CONDITION  TIT; 

(220)  SURFACE.  REFLECTION  COMPOSITE 
TOPOGRAPH 


FIGURE  16B  ATC  X-RAY  TOPOGRAPHS  OF  ANNEALED  COPPER 
CRYSTAL  ^030303 , GROWTH  CONDITION  III; 

(111)  TRANSMISSION  COMPOSITE 
TOPOGRAPH 
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FIGURE  17A  SCANNING  SPECTROMETER  TOPOGRAPH  OF  ANNEALED 
COPPER  CRYSTAL  #025302;  (220)  SURFACE 

REFLECTION  COMPOSITE  TOPOGRAPH 


FIGURE  17B  SCANNING  SPECTROMETER  TOPOGRAPH  OF 

ANNEALED  COPPER  CRYSTAL  #025302;  (111) 

TRANSMISSION  COMPOSITE  TOPOGRAPH 


FIGURE  18A  ENLARGED  REGIONS  OF  SCANNER  TOPOGRAPHS 
HIGHLY  PERFECT  REGION 


FIGURE  18B  ENLARGED  REGIONS  OF  SCANNER  TOPOGRAPHS 
INTERMEDIATE  REGION 
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Task  2 (Acct . No.  179-11-22-01) 


EVAPORATIVE  PREPARATION  OF  ULTRAHIGH  PURITY  MATERIAL* 

By 

R.  C.  Paule,  J.  G.  Early  and  W.  J.  Boettinger 
Institute  for  Materials  Research, 

National  Bureau  of  Standards 
Washington,  D.  C.  20234 

SUMMARY 

A calculational  procedure  involving  the  use  of  complex  chemical 
equilibria  has  been  developed  to  describe  the  purification  of  refractory 
materials  in  space.  High  temperature  evaporative  purification  of  refrac- 
tories is  considered  under  vacuum  conditions  and  under  conditions  of  very 
low  oxidizing  or  reducing  ambient  pressures.  The  calculations  show  that 
extensive  purification  can  be  obtained  and  that  very  low  oxidizing  or 
reducing  ambient  pressures  can  be  used  to  control  the  rates  of  purification. 
This  method  could  also  be  used  to  allow  the  production  of  doped  materials 
to  pre-selected  levels. 

Consideration  is  given  to  the  assumptions  affecting  the  purification 
calculations,  and  an  experimental  program  is  being  developed  to  check  the 
calculated  results.  This  ptugidm  involves  macs  spec tromecr j c measurements 
on  a sessile  drop  of  molten  AI2O3. 

Levitation  experiments  using  R.F.  suspension  and  heating  techniques 
in  vacuum  have  been  started  on  a number  of  metals  including  titanium  and 
zirconium. 


INTRODUCTION 

Hot  containers  used  in  the  production  and  purification  of  refractory 
materials  are  themselves  a common  source  of  contamination.  Space  with  ics 
zero  gravity,  high  vacuum  conditions  offers  an  opportunity  for  containerless 
purification  of  refractories.  The  heating  and  distilling  out  of  impurities 
is  a natural  means  of  purification.  Evaporative  purification  of  refractories 
normally  involves  many  complex  equilbria  since  numerous  minor  impurities  are 
present  and  since  the  high  temperatures  involved  allow  many  "side”  reactions. 
The  general  formalism  for  the  calculation  of  complex  equilibria  has  been 
modified  and  adapted  to  describe  evaporative  purification.  Four  classes  of 
problems  have  been  investigated.  The  evaporating  gases  are  described  under 
conditions  of  (1)  constant  pressure,  (2)  constant  volume,  (3)  vacuum,  and 
(,4)  vacuum  but  with  a low  oxidizing  or  reducing  ambient  pressure.  The 
latter  two  conditions  (3  and  4)  are  of  particular  interest  to  this  project 
since  they  allow  for  greatest  isolation  of  sample  and  least  chance  of 
container  contamination. 


*Paper  presented  by  R.  L.  Parker. 


CALCULATIONS 


There  is  much  work  in  the  literature  dealing  with  the  calculation  of 
complex  equilibria^ • Available  calculations  end  computer  programs, 
however,  do  not  deal  with  the  problem  at  hand  and  would  have  required 
extensive  modifications.  We,  therefore,  developed  our  own  equations  and 
computer  programs.  Modifications  and  adaptations  were  made  to  Kandiner 
and  Brinkley  * s(D  general  formalism  for  the  calculation  of  complex 
equilibria.  Some  basic  changes  were  required  to  properly  describe 
evaporation  into  vacuum. 

The  general  formalism  for  the  calculations  is  not  particularly 
difficult,  but  the  actual  calculations  do  get  involved  and  do  require  the 
aid  of  a computer.  The  calculations,  in  general  terras,  can  be  described 
as  follows:  , 

One  needs  to  determine  the  number  of  moles  of  all  chemical  species 
in  a system  during  purification  and  to  determine  the  distribution 
of  moles  between  the  condensed  phase  and  the  evaporating  (gas) 
phase.  For  the  s axe  of  simplicity  one  wants  to  work  with  the 
minimum  information  needed  to  fully  describe  the  system.  This  -is 
equivalent  to  determining  a set  of  independent  chemical  species. 

All  chemical  species  are  thereby  separated  into  two  groups: 
independent  components  and  dependent  constituents.  The  solution 
to  our  problem  then  deals  primarily  with  cho  determination  of  the 
amount  of  each  independent  component.  Independent  mass  balance 
equations  are  written  for  each  component.  These  equations  do  not 
directly  involve  any  dependent  constituents,  and  the  Newton- 
Raphson  iteration  method (8,9)  USed  to  simultaneously  solve  the 
mass  balance  equations. 

The  dependent  constituents  are  determined  from  equilibrium 
constant  relationships  which  only  involve  the  activities  and 
pressures  of  the  independent  components.  Ideal  solution  properties 
are  used  to  describe  the  condensed  phase  activities  and,  for  the 
vacuum  evaporation  case,  the  Knudsen  equation  is  used  to  describe 
the  pressures  in  terms  of  the  number  of  moles.  A series  of 
sequential  solutions  are  obtained  for  fixed  evaporation  times 
with  the  condensed  phase  results  from  each  mathematical  solution 
being  used  as  input  feed  data  in  the  following  problem.  It  is 
thus  possible  to  sequentially  follow  the  evaporative  purification 
of  a material. 

I ne  above  general  oa  K u lat  iona  1 approach  is  very  general  and  allows  for 
relatively  easy  and  direct  modifications  to  describe  a variety  of  situations 
of  practical  interest.  A manuscript  describing  the  calculations  and  examples 
of  their  use  has  been  written  and  NBS  approved,  and  will  be  submitted  for 
publication. 
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RESULTS 


Our  calculations  shov  that  good  evaporative  purification  of  refrac- 
tories in  vacuum  can  be  obtained,  and  that  the  introduction  of  a low 
oxidizing  or  reducing  ambient  pressure  can  be  used  to  control  rates  of 
vaporization. 

Table  1 shows  the  results  for  calculations  of  AI2O3  evaporative 
purification  in  vacuum  at  2400  K,  where  10  ppm  (mole  basis)  FeO  and  Si02 
impurities  are  initially  present.  Row  3 of  the  table  shows  that  the  rate 
of  AI2O3  loss  is  very  low,  while  rows  4 and  5 show  that  FeO  and  Si02  are 
rapidly  lost  from  the  melt.  The  FeO  and  Si02  concentrations  are  approximately 
halved  over  a period  of  only  1.15  seconds.  The  remaining  12  species  in  the 
table,  under  the  heading  "Moles  of  Species  Present,"  represent  the  moles  of 
gases  vaporized  during  each  time  interval  (0-0.005  seconds,  0.005-0.28 
seconds,  0.28-0.46  seconds,  etc.).  Finally  the  instantaneous  pressures  of 
all  species  are  reported  at  the  bottom  of  the  table.  It  is  evident  that  the 
calculations  yield  considerable  information.  The  computer  results,  as 
indicated  by  this  table,  are  automatically  obtained  from  the  solution  of 
each  problem. 

Calculations  showing  very  high  rates  of  purification  (as  above)  may 
not  be  completely  accurate  in  describing  the  evaporative  process.  High 
rates  of  purification  can  result  in  a depletion  of  impurities  at  the 
surface  and  a concentration  gradient  can  occur.  The  calculations  assume 
a completely  mixed,  homogeneous  melt-  Numerous  processes,  however,  can 
occur  to  minimize  the  concentration  gradient.  Task  6 (Surface  Traction 
and  Other  Surface  Phenomena),  being  carried  out  by  A.  L.  Dragoo,  is  looking 
into  some  of  these  processes.  A general  view  of  the  problem  would  seem  to 
minimize  concern  regarding  surface  depletion  and  concentration  gradients 
since  practical  purification  times  can  be  of  the  order  of  10  minutes  rather 
that  the  above  0-1.15  seconds.  Mixing  processes  can  occur  during  these 
longer  time  periods.  Further  investigations  into  this  possible  problem 
area  are  still  needed. 

Purification  rates  can  be  slowed  to  allow  better  mixing,  or  to  better 
control  the  evaporation  process.  One  should  not  overlook  the  possibility 
of  controlled  low  level  doping  of  materials  to  pre-selected  levels.  Slower 
purification  of  Al203  can  be  obtained  by  exposing  the  melt  to  a low  ambient 
oxygen  pressure.  Such  a pressure  can  be  kept  low  enough  to  maintain 
vacuum  (Knudsen)  flow  conditions  and  yet  be  high  enough  to  shift  chemical 
equilibria  and  slow  the  vaporization  rates.  Tables  2 and  3 list  results 
for  the  evaporative  purification  of  Al203  containing  10  ppm  CaO.  Table  2 
is  for  the  "pure"  vacuum  case  and  Table  3 is  for  a "vacuum"  containing 
10“  r>  atm  oxygen.  The  higher  oxygen  pressures  shown  in  Table  3 result  m 
equilibrium  shifts  away  from  the  reduced  vapor  species  Ca(g)  [Ca(g)-H)(g)-*CaO(l)  ] 
and  this  causes  slower  rates  of  purification.  Figure  1 shows  the  rata  ot 
CaO  removal  both  for  the  case  of  "self-developed"  oxygen  (Table  2)  and 
for  the  case  of  equal  to  10“ 1 5 atm  (Table  3). 
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It  is  clear  that  many  modifications  in  oxidizing  or  reducing 
conditions  can  be  used  to  achieve  desired  vaporization  (purification) 
goals. 


Some  results  from  this  Task  and  from  Task  6 were  presented  as  a 
talk  at  the  12th  Aerospace  Sciences  Meeting  of  the  AIAA  held  January  30  - 
February  1,  1974  in  Washington,  D.C.  This  talk  by  A.  L.  Dragoo  and 
R.  C.  Paule  was  entitled  "Production  of  Ultrapure  Materials:  Containerless 

Evaporation  and  the  Roles  of  Diffusion  and  Maragoni  Convection." 

DISCUSSION 

In  using  the  above  calculated  results  one  must  ask:  "How  accurate 

are  the  calculations?"  One  can  partially  answer  this  question  by  noting 
that  if  the  calculational  assumptions  are  correct,  then  the  calculations 
should  be  accurate.  It  appears  that  we  should  be  able  to  pick  purification 
conditions  of  practical  interest  that  will  satisfy  the  assumptions.  In 
general,  the  method  of  evaporative  purification  should  be  feasible.  We 
must,  however,  stiil  pick  optimum  conditions  and  be  able  to  predict  the 
extent  of  purification. 

Some  questions  that  need  to  be  considered  in  the  evaluation  of  the 
accuracy  of  the  calculations  are  as  follows: 

Are  there  significant  vapor  species  other  than  those  used  in  the 
calculations? 

Are  the  literature  values  of  the  thermodynamic  equilibrium  constants 
correct? 

Is  ideal  solution  behavior  observed?  (Because  of  the  low  impurity 
levels  considered  we  would  expect  Henry's  law  to  be  obeyed,  but 
this  does  not  insure  that  the  impurities  will  obey  Raoult's  law.) 

Is  there  adequate  mixing  of  the  melt  to  avoid  surface  depletion  and 
concentration  gradients? 

Are  the  evaporation  coefficients  equal  to  unity  or  near  unity? 

We  are  now  engaged  in  an  experimental  program  to  get  an  overall  check  on 
these  and  other  possible  problem  areas.  We  plan  to  directly  observe 
evaporative  purification  from  AI2O3  samples  and  to  be  able  to  check  the 
calculations.  If  necessary,  correction  factors  could  be  developed  to 
describe  any  non-ideal  behavior. 

CURRENT  ANT)  FUTURE  EXPERIMENTS 

Our  current  work  is  in  preparation  for  the  experimental  measurement 
of  impurity  vaporization  from  AI2O3  using  the  TOF  mass  spectrometer.  Work 
is  centered  on  improving  usaole  M.S.  sensitivity,  and  on  improving 
quantitative  M.S.  measurements.  A molecular  beam  chopping  system  has 
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been  built  and  a lock-in  amplifier  added  to  the  system  to  allow  modulated 
beam  detection  of  species  coming  from  a sessile  drop  of  molten  A1203. 

Lock-in  detection  will  be  particularly  important  for  measuring  evaporating 
species  such  as  Oi  and  Oo  since  these  species  are  normally  present  in  the 
M.S.  background.  The  modulated  beam  system  is  now  operational. 

A new  calibrated  He  and  Xe  leak  system  has  been  installed  in  our  M.S. 
to  improve  reproducibility.  Scales  have  been  added  to  several  instrument 
potentiometers  for  better  reproducibility.  New,  more  linear  electron 
multiplier  strips  have  been  installed  on  the  M.S. 

A considerable  effort  has  been  devoted  to  minimizing  the  M.S.  back- 
ground to  increase  the  usable  sensitivity.  In  addition  to  extensive  leak- 
checking, we  have  found  it  necessary  to  water  cool  the  walls  of  the  furnace 
to  avoid  excessive  outgassing.  A new  smaller  water-cooled  furnace  with  a 
lower  heat  load  is  now  being  built  and  will  replace  our  current  furnace  for 
the  heating  of  the  AI2O3. 

M.S.  measurements  will  be  made  on  evaporating  molten  AI2O3  to 
determine  any  non-ideal  behavior.  This  type  of  experiment  should  allow  for 
an  overall  check  of  the  calculations  and,  if  necessary,  for  the  development 
of  correction  factors.  Other  refractory  materials  may  also  be  tested. 

In  order  to  verify  the  predicted  rate  of  purification  and  efficiency 
of  purification,  containerless  purification  experiments  by  levitation 
melting  can  be  performed  on  earth  using  metals.  ihe  recent  literature 
reveals  that  the  biggest  problem  of  current  levitation  techniques  is  that 
only  one  control  function  is  available  for  controlling  levitating  force  and 
heat  input  and  thus  in  general  these  variables  cannot  be  controlled 
independently.  In  order  to  maintain  long  time  levitation  of  metals  at  a 
selected  temperature  to  allow  differential  evaporation  into  a vacuum,  one 
alternative  is  to  levitate  without  heating  using  low  frequency  power  and 
have  a separate  method  of  heating  the  metal  and  achieving  thermal 
equilibr ium . 

Some  prelimiixary  experiments  were  carried  out  in  a commercial  levita- 
tion melting  apparatus.  Coils  of  standard  cone  design  were  used  with  a 
450  KHz  RF  power  supply  in  both  vacuum  and  inert  gas  environments.  A 
variety  of  metal  samples  weighing  between  5 and  15  grams  have  been  levitated 
for  short  periods  of  time  and  most  have  been  successfully  melted.  The 
samples  have  included  titanium,  copper,  vanadium,  aluminum,  chromium, 
yttrium  and  zirconium.  Initial  efforts  to  control  the  stability  and  the 
temperature  of  the  levitated  metal  especially  in  the  vacuum  environment 
through  the  use  of  the  power  knob  on  the  RF  unit  have  not  been  successful 
with  the  exception  of  aluminum  where  the  presence  of  the  oxide  skin  appears 
to  play  a stabilizing  role. 

Several  modif ica tions  were  made  on  the  levitation  unit  to  improve 
efficiency  and  increase  the  power  delivered  at  the  coil.  Experiments  are 
underway  to  investigate  the  behavior  of  smaller  sized  samples  of  the 
previously  levitated  metals. 
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A levitation  coil  was  designed  which  greatly  improved  the  lateral 
stability  of  the  levitated  melt.  This  enabled  a pyrometric  determination  . 
of  the  temperature.  Experiments  have  been  conducted  which  generally 
confix  the  theoretical  predictions  of  several  papers  on  the  effects  of 
sample  size,  resistivity,  density,  and  coil  current.  Plans  are  being  made 
to  try  to  levitate  metals  with  a lower  frequency  R.F.  generator  (10  kHz). 
The  use  of  a He  atmosphere  enabled  the  levitation  of  various  metals  at  a 
constant  (but  uncontrollable)  temperature  for  as  long  as  20  minutes.  A 
literature  survey  on  the  evaporative  purification  of  metal-gas  systems  has 
been  started  in  order  to  choose  a system  for  experiments  which  can  be 
vacuum  purified  and  which  can  be  stably  levitation  melted. 

We  have  been  studying  in  detail  mass  spec trorae trie  modulated  beam 
operation  and  lock-in  detection  in  order  to  design  and  build  an  improved 
quadrupole  mass  spectrometric  modulated  beam  system.  This  will  be  used  to 
measure  impurity  species  evaporating  from  oxide  samples.  Appropriate 
observations  of  phase  relationships  of  composite  signals  associated  with 
modulated  beams  will  allow  the  separation  of  information  regarding  the 
parent  vapor  species.  In  addition  to  identification  of  parent  species, 
the  relative  amounts  of  each  species  can  be  determined. 
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Table  1 


Vacuum  Evaporation  of  A^O^  + 10  ppm  FeO  and  Si02 


Moles  of  Species  Present 
Temperature  (K) 

2400 

Cuml . Time 

(Sec)  0.005 

.28 

.46 

OO 

»-* 

1.15 

Liquids 

A12°3 

1.0000E+00 

1 . 0000E+00 

1.0000E+00 

9. 9999E-01 

9.9999E-01 

FeO 

9. 9821E-06 

9. 0607E-06 

8. 5012E-06 

7 . 4910E-06 

6. 6129E-06 

Si02 

9. 9667E-06 

8. 3538E-06 

7 . 4416E-06 

5 . 9152E-06 

4 . 7170E-06 

Gases 

0 

1 . 8199E-07 

6, 2370E-06 

6.  3661E-06 

6. 0993E-06 

5. 8593E-06 

°2 

6. 1007E-09 

2.0593E-07 

2 . 0833E-07 

1.9652E-07 

1 . 8638E-07 

A1 

8.9146E-08 

3 . 17  34E-0S 

3 . 3121E-06 

3. 2990E-06 

3.2725E-06 

A10 

1 . 2000E-08 

4 . 2074E-07 

4 . 3523E-07 

4 . 2682E-07 

4 . 1799E-07 

aio2 

6. 6628E-10 

2. 3009E-08 

2.3590E-08 

2.2778E-08 

2 . 2022E-08 

ai9o 

1.8579E-09 

6. 6641E-08 

6.9864E-08 

7 . 0130E-08 

7 . 0015E-08 

A1 2°2 

1 . 0292E-11 

3 . 6359E-10 

3. 7780E-10 

3 . 7339E-10 

3.6802E  -10 

Fp 

1 .7813E-08 

5. 7128E-07 

5. 5694E-07 

4 . 8504E-07 

4 . 2203E-0  7 

KcO 

8. 2998E-11 

2. 6215E-09 

2.5330E-09 

2 . 1720E-09 

1.8657E-09 

Si 

2 . 2587E-13 

6.7909E-12 

6.3420E-12 

5 . 0603E-12 

4.0287E-12 

SiO 

3 . 3262E-08 

9 . 8495E-07 

9.1167E-07 

7 . 1622E-07 

5. 6293E-07 

Si02 

2 . 0138E-11 

5.8734E-10 

5. 3881E-10 

4. 1677E-10 

3 . 2340E-10 

Pressure  of 

Species  Present 

(Atm) 

Gases 

0 

3 . 5140E-06 

3 . 4610E-06 

3 . 4303E-06 

3 . 3774E-06 

3.3343E-06 

°2 

1.6659E-07 

1 . 6161E-07 

1.5875E-07 

1.5389E-07 

1 . 5000E-07 

Al 

2 . 2352E-J6 

2. 2867E-06 

2 . 3175E-06 

2.3721E-06 

2 . 4182E-06 

A10 

3. 7976E-07 

3 . 8265E-07 

3. 8437E-07 

3 , 8736E-07 

3 . 8986E-07 

A10 

2 . 4700E-08 

2. 4514E-08 

2 . 4405E-08 

2. 4216E-08 

2. 4061E-08 

> 

H-* 

ro 
O ! 

7. 3013E-08 

7 . 7327E-08 

7 . 8718E-08 

8. 1202E-08 

8 . 3313E-0S 

A12°2 

4.6061F-10 

. 6766E-10 

4 . 7185E-10 

4. 7923E-10 

4 . 8542E-10 

Fe 

6 . 4267E-07 

5. 9228E-07 

5 . 6968E-07 

5. 0180E-07 

4 . 4870E-07 

FeO 

3, 3961E-09 

3 . 0826E-09 

2.8923E-09 

2.5486E-09 

2 . 2499E-09 

Si 

5.7788E-12 

4 . 9931E-12 

4.5279E-12 

3 . 7127E-12 

3 . 0377E-1 2 

S10 

1 . 0661E-06 

9. 0729E-07 

8.1546E-07 

6.5834E-07 

5 . 3178E-07 

SiO 

7.5356E-10 

6. 3161E-10 

5 . 6264E-10 

4.4724E-10 

3 . 5665E-10 

8C0 


Table  2 

Vacuum  Evaporation  of  Al^O^  + 10  ppm  CaO 


Moles  of  jpecies  Present 


Temperature 

(K) 

2400 

Cuml . Time 

(Sec;  0.005 

20.00 

40.00 

60.00 

Liquids 

A12°3 

1.0000E+00 

9 . 99  75E-01 

9 . 9950E-01 

9 . 9925E-01 

CaO 

9 . 9998E-06 

9 . 2986E-06 

8 . 6465E-06 

8.0401E-06 

Gases 

0 

1.6143E-07 

6.4560E-04 

6 . 4 548E-04 

6.4535E-04 

°2 

4 . 8005E-09 

1 . 9197E-05 

1 . 9193E-05 

1.9189E-05 

Ca 

1 . 8850E-10 

7 , 01 20E-07 

6 . 5210E-07 

6 . 064  3E-07 

A1 

1 . 0670E-07 

4. 2676E-04 

4.2671E-04 

4. 2665E-04 

A10 

1.2741E-08 

5. 0957E-05 

5.C949E-05 

3. 0941E-05 

AIO^ 

6.  2753E-10 

2. 5097E-06 

2 . 5092E-06 

2 . 5088E-06 

ai7o 

2 . 3611E-09 

9 . 4435E-06 

9 . 4424E-06 

9 . 441 3E-06 

A12°2 

Pressure  of 

1 . 1602E-11 
Species  Present 

4 . 6402E-08 
(Atm) 

4.6396E-08 

4 . 6389E-08 

Gases 

0 

3.1171E-06 

3.1170E-06 

3 . 1169E-06 

3.1162E  06 

°2 

1. 3109E-07 

1.310SE-07 

1. 3107E-07 

1 . 3106E-07 

Ca 

5 . 7606E-09 

5 . 3581E-09 

4 . 9838E-09 

4 . 6355E-09 

Al 

2.6754E-06 

2 . 6756E-06 

2 . 6757E-06 

2 . 6758E-06 

A10 

4 . 0321E-07 

4 . 0322E-07 

4.0323E-07 

4 . 0 323E-07 

A102 

2 . 3264E-08 

2 . 3264E-08 

2 . 3263E-08 

2 . 3263E-08 

Al20 

9 . 5332E-08 

9.5338E-08 

9 . 5343E-08 

9.5348E-08 

ai2°2 

5 . 1926E-10 

5. 1927E-10 

5.1929E-10 

5. 1930E-10 

801 


Table  3 


Evaporation  of  A 1^0-  r 1 U ppn  EaO, 


Vacuum  + 10  J Atm  Oxygen 


M files  of  Species  Present 


Tenper.it  ure 

(K) 

2400 

Cunl . Tine 

(Sec)  0.005 

80.00 

120,00 

180.00 

Liquids 

A12°J 

1 .OOOOK+OO 

9 .9984  E~0 1 

9.99h7K-01 

9 . 99  51E-01 

CaO 

9.9999E-06 

9.  341 3E-06 

8.  7259E-06 

8. 1511E-06 

Gases 

Ca 

5.8757E-11 

6.  386812-07 

6. 1 532E-07 

5 . 7482E-07 

Al 

1.8569E-08 

2.2281E-04 

2 . 2278E-04 

2 . 2276E-04 

AlO 

7 . 11 34 E -09 

8. 3 3 32  F -0  3 

8.  534  3E-05 

8 . 5333E-05 

A102 

1 . 1240E-09 

1.  34861. -0  3 

1 . 3485E-03 

1.3483E-05 

A 1 _ 0 

J 

2 . 294  IT- 1 0 

2. 75261- -06 

2.752  3E-06 

2 . 7520E-06 

A12°2 

3 . 6165E-1 2 

4.  3393E-08 

4 . ? 33 8 E-OS 

4.33S4E-08 

Pressure  of 

Species  Present 

_0\tn) 

Gases 

0 

1 . 0000E-05 

1 .00001-05 

1 .OOOOE-05 

1. 0000E-05 

°2 

1.3491E-06 

1 . 3401 K-06 

1. 3491E-06 

1. 3491E-06 

J a 

' .7<*W-09 

1.6778! -0Q 

1 . 56  74E-09 

1 .4644E-09 

Al 

4 . 636GE-07 

4 . 6560E-07 

4 . 6 560 E- 37 

4 . 6560E-0  7 

A10 

2 . 2512E-07 

2.2512E-07 

2.2512E-07 

2 . 2512E-07 

AID 

4 . J 669E-08 

/■.  1669E-08 

4 . 1 669  E-08 

4 . 1 669E-08 

A120 

9 . 2626E-09 

9. 2626E-09 

9 . 2626E-09 

9.  2626E-09 

Ai20 

1 . 6186E-10 

1.6186E-10 

1 , 6186E-10 

1.6 186E-10 
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Task  1 (Acot.  No.  179-11-31-03) 

VACUUM  EFFECTS  IN  THE  PREPARATION  OF  COMPOSITE  MATERIALS  * 

By 

H.  Yakowitz  and  D.  E.  Newbury 
Institute  for  Materials  Research, 

National  Bureau  of  Standards 
Washington,  D.  C.  20234 

SUMMARY 

Useful  composites  usually  have  strong  continuous  bonds  between  matrix 
and  core.  Improved  bonding  might  be  obtained  by  improving  the  final  vacuum 
under  which  the  composite  is  prepared  so  as  to  remove  most  adsorbed  gases 
from  the  matrix-core  interface.  Good  bonding  can  be  expected  when  strains 
between  matrix  and  core  are  minimal  and  coherent.  Hence,  this  exploratory 
phase  of  the  study  was  largely  devoted  to  obtaining  a means  to  study  the 
bond  both  microscopically  and  with  regard  to  determining  strains  at  or  near 
the  bond.  For  this  purpose,  the  scanning  electron  microscope  was  chosen  as 
the  primary  tool.  A means  to  use  electron  channelling  patterns  prepared  in 
the  scanning  electron  microscope  tr  obtain  strain  data  was  formulated.  The 
effect  of  strain,  surface  coatings  and  specimen  tilt  with  respect  to  the  primary 
electron  beam  was  studied.  Divergent  beam  x-ray  microdiffraction  patterns 
uptp  also  prepared  in  the  scanning  electron  microscope  as  a means  to  obtain 
strain  data  at  the  micrometer  level  of  spatial  resolution. 

A number  of  composite  test  specimens  have  been  received  through 
Marshall  from  General  Dynamics  and  are  currently  undergoing  SEM  examination. 

INTRODUCTION 

Composite  materials  are  well  known  entities.  Such  materials  have 
been  used  for  a long  rime  in  an  effort  to  obtain  improved  material 
characteristics  through  combining  disimilar  constituents  such  as  soft 
matrices  with  very  hard  cores.  One  of  the  keys  to  preparing  useful 
composites  is  to  obtain  strong,  continuous  bonding  between  the  matrix  and 
core.  0n°  of  the  ways  improved  bonding  might  be  obtained  would  be  to 
improve  the  vacuum  under  which  the  final  composite  is  prepared.  In  this 
case,  more  adsorbed  gases  can  be  removed  and  better  bonding  is  possible. 

The  purpose  of  the  work  carried  out  in  the  first  phase  was  to 
explore  whether  or  not  bonding  could  be  studied  by  means  of  electron 
channelling  patterns  in  the  scanning  electron  microscope.  In  this  first 
phase,  oiily  conventional  materials  were  used  in  order  to  establish 
techniques.  One  of  the  main  objectives  was  to  correlate  channelling 
patterns  with  divergent  beam  (Kossel)  x-ray  patterns  in  order  t c obtain 
quantitative  stress-strain  data  from  the  channelling  pattern.  Such  a 
procedure  would  allow  mapping  of  the  strain  field  in  the  vicinity  of  the 
matrix-core  interface.  The  lower  the  strains,  the  better  the  bond. 

*Pa per  presented  by  R.  L.  Parker. 
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Diverge n t Beam  (Ko s s e 1 ) Microdiffraction 

This  method  can  provide  quantitative  information  about  the  stress- 
strain  configuration  in  a material.  In  particular,  the  Kossel  internal 
stress-strain  analysis  yields  for  the  sampled  volume: 

a.  Average  Cauchy  strains 

b.  Principal  strains  and  their  axes 

c.  Principal  stresses  and  their  axes 

d.  Maximum  shear  strain  in  any  (hkl)  plane 

e.  Total  stored  elastic  energy 

f.  Shear  stored  elastic  energy 

However,  the  time  and  effort  needed  to  obtain  a sufficient  amount 
of  data  from  a given  material  by  the  Kossel  method  is  prohifci ti ve* . Another 
problem  is  the  large  amount  of  data  required  to  describe  the  results  of  a 
single  point  using  the  Kossel  internal  stress-strain  analysis.  More  than 
one-hundred  separate  measurements  are  needed  to  completely  describe  the 
point.  Hence,  using  the  Kossel  method  alone  represents  a nearly  impossible 
situation  for  carrying  out  a practical  task.  Therefore,  another  means  of 
determining  quantitative  stress-s train  relationships  at  the  micrometer 
level  of  spatial  resolution  was  sought  for  this  task.  The  most  appealing 
method  is  to  use  electron  channelling  patterns  prepared  with  the  aid  of  the 
scanning  electron  microscope.  This  is  because  the  scanning  electron  micro- 
scope itself  provides  an  ideal  means  to  locate  and  examine  regions  of 
interest  on  the  specimen,  and  electron  channelling  patterns  can  usually  be 
obtained  rapidly  from  the  region  of  interest. 

Scanning  Electron  Microscopy 

In  the  scanning  electron  microscope,  an  electron  beam  of  1 to  50KV, 
having  a small  diameter,  ranging  from  100A  to  lum,  is  scanned  in  a square 
raster  on  a specimen.  The  beam  interacts  with  the  specimen  to  produce 
(^50eV) , x-rays  and  visible  light  which  can  be  monitored  continuously  by 
appropriate  detectors.  The  detector  signal  is  used  to  control  the 
brightness  of  the  flying  spot  of  a cathode  ray  tube  (CRT)  which  is  scanned 
in  synchronism  with  the  same  raster  as  the  specimen.  A one-to-one 
correspondence  is  made  to  exist  between  points  on  the  specimen  and  the 
image  on  the  cathode  ray  tube.  Thus,  the  micrograph  is  built  up.  The 
scanning  electron  microscope  is  useful  for  surface  analysis  because  of  (1) 
the  high  spatial  resolution  which  can  be  achieved,  (2)  the  large  depth  of 
focus  - about  100  times  greater  than  an  optical  microscope,  and  (3)  the 
large  variety  of  contrast  mechanisms  which  result  from  beam-specimen  inter- 
actions. For  further  details  see  Ref.  [2]. 


Electron  channelling  contrast  arises  because  electrons  can  penetrate 
crystals  more  easily  along  certain  directions  than  others  (Fig.  1).  When 
the  electrons  are  able  to  enter  open  passages  (channels)  in  the  crystal 
lattices,  they  penetrate  deeply,  and  few  escape.  By  slightly  altering  the 
angle  the  beam  makes  with  the  crystal,  these  channels  become  difficult  to 
enter,  and  the  electrons  interact  with  the  specimen  nearer  the  surface  so 
that  more  escape.  An  electron  channelling  pattern  can  be  obtained  by 
rocking  the  beam  through  a range  of  angles  in  the  form  of  a cone. 


Electron  channelling  patterns  are  capable  of  providing  information 
about  the  orientation  of  the  crystal  as  well  as  its  perfection.  To  date, 
almost  the  only  quantitative  use  of  electron  channelling  patterns  has  been 
in  orientation  determination.  This  is  because  the  relationships  by  which 
the  state  of  perfection  can  be  determined  contain  factors  such  as  the 
so-called  extinction  length^,  which  are  not  well  known.  For  example, 
Schulson^  has  suggested  the  following: 


= 2/0-  jgp 


where  2w^  is  the  channelling  pattern  line  width  in  radians 

r is  the  extinction  distance  for  the  reflection  excited 
’g 

I g!  is  the  reciprocal  lattice  vector  translation. 


Now  jgj  is  equivalent  to  1/d  where  d is  the  interplanar  spacing  for  a 
plane  of  Miller  indices  (hkl) . It  has  been  shown  that  if  Ad/d  can  be 
measured  properly,  then  the  entire  stress-strain  configuration  for  the 
sampled  crystal  volume  can  be  determined^. 


(1) 


The  use  of  a few  Kossel  patterns  in  order  to  provide  a basis  for 
inferring  the  needed  d values  from  channelling  patterns  may,  therefore, 
be  attractive.  In  such  a case,  one  woulo  require  a well  annealed  crystal 
and  the  capability  ot  ^ i mul t ancons ] v prepi  ring  the  electron  channelling 
pattern  and  the  Kossel  pattern  in  the  scanning  electron  microscope. 

Accurate  d values  could  be  obtained  from  the  Kossel  pattern;  the  correspond- 
ing channelling  pattern  line  widths,  2..^,  can  he  measured.  Changes  due  to 
strains  result  in  changes  in  2cj  ; from  these  Ad  values  can  be  obtained 
through  simple  manipulation  of  £qn.  (1).  Hence,  Ad/d  can  be  determined 
from  the  channelling  information.  Hence,  the  factor  (2/£c)  in  Eqn.  (1) 
could  be  determined  empirically.  Then,  electron  channelling  patterns 
could  he  used  to  provide  the  necessary  Ad/d  values  for  determining  the 
stress-strain  ccnfigur.it  ion  f rom  the  sampled  volume. 


One  of  the  major  thrusts  of  this  exploratory  project  was  to  see  if 
such  a correlation  could  be  carried  out.  This  necess i tat: ed  devising  a 
means  to  simultaneously  prepare  electron  channelling  patterns  and  Kcssel 
patterns  as  well  as  a means  to  accurately  observe  and  record  electron 
channelling  line  profiles  in  the  scanning  electron  microscope.  In 
particular,  we  needed  to  know  the  effect  of  applied  stresses  on  electron 


channelling  patterns*  The  response  of  electron  channelling  patterns  to 
experimental  conditions  such  as  specimen  tilt  had  to  be  investigated  as 
well  as  effects  of  surface  deposits  on  the  pattern.  The  former  is  an 
experimental  response  and  the  latter  a material  effect. 

Investigation  of  Electron  Channelling  Line  Profiles 

A typical  electron  channelling  pattern  from  a well-annealed  single 
crystal  of  aluminum  is  shown  in  Fig.  (2).  There  are  crystallographic  bands 
and  lines  whose  width  and  intensity  depend  upon  the  state  of  perfection  of 
the  crystal  and  the  basic  crystal  parameters  such  as  the  lattice  spacing. 

The  sample  was  elec tropolished  to  remove  any  surface  damage  after  the  crystal 
was  held  for  fifteen  hours  at  610°C  in  a purified  argon  atmosphere.  The 
crystal  was  normal  to  the  electron  beam  which  was  accelerated  through  30kV. 
Aluminum  was  chosen  for  study  since  it  is  often  used  as  the  matrix  in 
composite  materials. 

The  line  seen  in  Fig.  (2)  shows  where  the  electron  beam  was  made  to 
scan  in  a single  line  along  the  crystal.  The  profile  produced  by  this  line 
is  shown  in  Fig.  (3).  This  profile  was  recorded  on  an  oscilloscope  screen; 
the  y-intensity  is  shown  as  a function  of  position.  The  profile  can  be 
related  to  the  lines  and  bands  of  Fig.  (2)  in  a straightforward  manner; 
features  responsible  for  intensity  variations  can  oe  identified. 

Next,  the  crystal  was  cold  rolled  5%  and  elec tropolished  again. 

Fig.  (4)  shows  the  election  channelling  pattern  alter  roiling.  Clearly, 
the  pattern  is  diffuse  compared  to  Fig.  (2).  The  corresponding  profile 
(Fig.  5)  shows  thac  virtually  all  details  except  the  major  (200)  type 
band  have  been  eliminated.  Material  deformed  up  to  10%  tensile  strain  has 
been  successfully  studied  using  electron  channelling  contrast^. 

The  effect  of  surface  layers  was  studied  with  a niobium  single 
crystal.  Niobium  can  be  used  in  directionally  solidified  composite 
materials.  The  crystal  was  chemically  polishei  in  a mixture  consisting 
of  70%  concentrated  HN03  and  30%  concentrated  HF.  The  electron  channelling 
pattern  of  the  as-polished  crystal  is  shown  in  Fig.  (6);  the  <012>  pole  is 
at  the  left  of  the  pattern.  The  profile  corresponding  to  the  impressed 
line  is  shown  in  Fig.  (7).  Next,  a 200A  layer  of  carbon  was  evaporated 
onto  the  surface  of  the  crystal.  The  thickness  was  determined  with  a 
piezo-electric  method  said  to  be  accurate  to  about  +10%.  The  electron 
channelling  pattern  is  shown  in  Fig.  (8)  and  the  line  profile  in  Fig.  (9). 
Noticeable  changes  in  the  profile  have  occurred.  Increasing  the  carbon 
thickness  to  450A  resulted  in  further  degradation  of  the  pattern  as  shown 
in  Figs.  (10)  and  (11)-  A layer  of  amorphous  carbon  1000A  in  thickness 
caused  still  more  degradation  but  certainly  an  identifiable  pattern 
remained  as  seen  in  Figs.  (12)  and  (13).  The  crystal  w a:  a deep  purple 
after  this  much  carbon  had  been  evaporated  onto  it. 

These  results  were  both  surprising  and  extremely  encouraging  because 
previously  it  was  believed  that  only  a few  hundred  angstroms  carbon  deposit 
would  wipe  out  the  electron  channelling  pattern  completely.  The  fact  that 
this  is  not  the  case  means  that  perhaps  composites  consisting  of  a metal 
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matrix  and  non-metallic  core  can  be  studied  by  depositing  a few  hundred 
angstrom  layers  of  carbon  onto  the  surface  to  make  it  conducting.  Perhaps 
totally  non-metallic  materials  can  be  studied  in  this  way  as  well. 

As  we  shall  see,  a tightly  bound  oxide  layer  gives  quite  different 
and  less  encouraging  results.  Oxidizing  the  niobium  crystal  in  a controlled 
fashion  was  somewhat  difficult.  We  used  a bath  devised  by  Picklesimer^  to 
anodize  the  niobium,  with  layer  thickness  determined  by  color.  A layer  about 
750A  thick  as  indicated  by  the  gold  color  produced  was  grown  onto  the  surface. 
The  clean  crystal  case  is  shown  in  Figs.  (14)  and  (15)  while  after  anodizing, 
the  corresponding  results  are  shown  in  Figs.  (16)  and  (17).  This  oxide 
thickness  virtually  destroys  the  channelling  pattern.  Anodizing  until  a 
purple  color  developed  (>1000A)  did  destroy  the  pattern. 

The  effect  of  tilting  the  specimen  on  the  properties  of  channelling 
bands  and  lines  was  investigated  next.  This  effect  is  important  since 
surfaces  in  a true  composite  will  not  necessarily  be  flat  and  perfectly 
aligned  over  long  distances.  Hence,  ir  will  be  necessary  to  separate  tilt 
effects  from  effects  due  to  internal  strains  and/or  surface  layers.  For 
the  tilt  study,  a silicon  crystal  was  chosen;  silicon  is  frequently  a 
component  in  composite  materials. 

The  results  are  shown  in  Figs.  (18)  - (23).  Tilting  the  crystal 
with  respect  to  the  electron  beam  causes  the  contrast  to  undergo  a change 
in  character.  For  example,  the  {440}  type  reflections  change  from  close 
black/white  pairs  at  normal  bean  incidence  to  distinctly  black  or  white 
lines  for  tilted  specimens,  as  indicated  by  the  corresponding  line  traces. 

Preparation  of  Kossel  Patterns  in  the  Scanning  Electron  Microscope 

We  were  able  to  prepare  both  reflection  and  transmission  Kossel 
patterns  in  the  scanning  electron  microscope.  The  reflection  patterns 
using  a tilted  specimen  will  almost  certainly  be  the  ones  of  most  interest 
in  the  study  of  composites;  preparing  thin  (-50pm)  sections  of  composites 
will  be  difficult  so  that  transmission  work  may  not  be  feasible.  Hence, 
the  tilted  foil  electron  channelling  study  was  essential  in  order  to 
establish  a basis  for  attempting  to  correlate  Kossel  patterns  and  electron 
channelling  patterns  prepared  from  composite  materi  ;ls. 

Reflection  patterns  were  prepared  from  an  iron  crystal;  a typical 
pattern  is  shown  in  Fig.  (24).  Here,  the  crystal  was  tilted  about  60°. 

The  lines  are  sharp  and  have  enough  contrast  to  carry  out  meaningful 
measurements.  Tilted  foil  electron  channelling  patterns  can  be  prepared 
simultaneously  using  the  N'BS  specimen  current  amplifier  constructed  for 
the  scanning  electron  microscope?. 

Preliminary  Study  of  Conventional  Composite  Materials 

Two  types  of  composite  materials  were  obtained  from  Sandia  and 
the  U.S.  Army  Research  Center  (Watertown,  Mass.)  respectively.  The  Sandia 
material  consisted  of  plasma  sprayed  aluminum  onto  boron-silicon  (borsic) 
fibers.  The  fibers  were  prepared  using  a thin  tungsten  wire  as  a base. 
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This  material,  imaged  in  the  scanning  electron  microscope,  is  shown  in 
Fig.  (25).  First  attempts  to  obtain  electron  channelling  patterns  from 
this  material  failed.  The  probable  causes  for  this  failure  were  the  huge 
fabrication  strains  and  the  extremely  fine  "grain-size"  of  the  aluminum 
matrix,  as  indicated  by  conventional  x-ray  diffraction  techniques.  The 
grains  were  probably  smaller  than  the  minimum  region  from  which  we  could 
obtain  an  electron  channelling  pattern,  i.e.,  about  ten  micrometers. 

The  Army  material  consists  of  carbon  fibers  in  a magnesium  matrix. 

Work  will  be  underway  on  this  material  shortly*  We  also  have  some  direction- 
ally solidified  eutectic  material  on  hand  for  study. 

CONCLUSIONS 

1.  Line  profiles  from  electron  channelling  patterns  can  be  measured  with 
our  apparatus  so  that  the  2u)g  term  in  Eqn.  (1)  can  be  determined  for  a 
variety  of  specimen  conditions,  i.e.,  strained,  coated  and  tilted. 

2.  Kossel  patterns  can  be  prepared  from  bulk  specimens  in  the  scanning 
electron  microscope  with  sufficient  information  to  provide  satisfactory 
|g|  data  for  Eqn.  (1).  Then  the  terra  (2/£g)  in  Eqn.  (1)  can  be  determined 
empirically  for  the  specimen  of  interest.  Hence,  electron  channelling 
patterns  can  be  used  to  study  strains  at  the  micrometer  level  of  spatial 
resolution. 

3.  A red. in  ion  of  ja  by  rolling  nearly  destroys  electron  channelling 
contrast.  Hence,  highly  strained  material  cannot  be  investigated  by  means 
of  electron  channelling  contrast. 

o 

4.  Surface  layers  of  oxides  and  carbon  on  the  order  of  1000A  destroy 
electron  channelling  contrast. 

3 

5.  Layers  of  200A  aflcet  the  line  rofiles  of  electron  channelling 
patterns . 

6.  Electron  channelling  patterns  change  characteristically  as  the 
specimen  is  tilted  with  respe:t  to  the  electron  beam;  band  contrast 
decreases  and  line  character  charges. 

Tnls  work  virtually  completes  the  preliminary  exploratory  phase  of 
the  study.  Next,  strains  in  various  materials  will  be  investigated  using 
electron  channelling  patterns.  Then  strains  at  matrix-fiber  interfaces 
will  be  investigated. 

Tungsten,  SiC  and  AI7O3  in  aluminum  based  matrices  prepared  by 
General  Dynamics  have  been  received  from  Mr.  1.  C.  Yates  of  Marshall  S.F.C.. 
and  tests  using  the  SEM  are  now  underway  on  these  materials. 
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FIGURE  1.  ORIGIN  OF  ELECTRON  CHANNELLING  PATTERNS; 
ELECTRONS  PENETRATE  THE  CRYSTALLINE 
SPECIMEN  MORE  DEEPLY  IN  CERTAIN  DIRECTIONS 
THAN  IN  OTHERS. 
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FIGURE  2.  FIGURE  3. 

ELECTRON  CHANNELLING  PATTERN  OF  INTENSITY  PROFILE  ALONC  LINE  IN 

ANNEALED,  ELECTROPOLISHED  ALUMINUM.  FIGURE  2.  SCALE:  2 VOLTS/cm. 

LINE  INDICATES  REGION  FROM  WHICH 
PROFILE  INFORMATION  WAS  TAKEN. 


FIGURE  4.  FIGURE  5. 

ELECTRON  CHANNELLING  PATTERN  OF  INTENSITY  PROFILE  ALONG  LINE  IN  FIGURE  4. 

ALUMINUM  CRYSTAL  ROLLED  TO  5%  SCALE:  2 VOLTS/cm.  COMPARE  WITH  FIGURE  3. 

REDUCTION  AND  THEN  ELECTROPOLISHED. 

LINE  INDICATES  PROFILE  TRACE  POSITION. 
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FIGURE  6. 

ELECTRON  CHANNELLING  PATTERN  FROM 
CHEMICALLY  POLISHED  NIOBIUM  CRYSTAL. 
LINE  INDICATES  PROFILE  TRACE  POSITION. 


FIGURE  7. 

INTENSITY  PROFILE  ALONG  LINE  IN 
FIGURE  6.  SCALE:  2 VOLT  I/cm. 


FIGURE  8. 

ELECTRON  CHANELLING  PATTERN  FROM 
NIOBIUM  CRYSTAL  AFTER  EVAPORATION 
OF  200A  THICK  CARBON  LAYER  ONTO 
THE  SURFACE.  LINE  INDICATES  PROFILE 
TRACE  POSITION. 


FIGURE  9. 

INTENSITY  PROFILE  ALONG  LINE  IN  FIGURE  8. 
SCALE:  2 VOLTS/cm.  COMPARE  WITH  FIGURES 
7,  11  and  13. 
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FIGURE  10. 

ELECTRON  CHANNELLING  PATTERN  FROM 
NIOBIUM  CRYSTAL  AFTER  EVAPORATION 
OF  450f\  THICK  CARBON  LAYER  ONTO  THE 
SURFACE.  LINE  INDICATES  PROFILE 
TRACE  POSITION. 


FIGURE  11. 

INTENSITY  PROFILE  ALONG  LINE  IN  FIGURE  10 
SCALE:  2 VOLTS /cm.  COMPARE  WITH  FIGURES 
7,  9 AND  13. 


FIGURE  12. 

ELECTRON  CHANNELLING  PATTERN  FROM 
NIOBIUM  CRYSTAL  AFTER  EVAPORATION  OF 
1000ft  THICK  CARBON  LAYER  ONTO  THE 
SURFACE.  LINE  INDICATES  PROFILE 
TRACE  POSITION. 


FIGURE  13. 

INTENSITY  PROFILE  /ALONG  LINE  IN  FIGURE  1 
SCALE:  2 VOLTS/cm.  COMPARE  WITH  FIGURE 
7,  9 AND  11. 
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FIGURE  14. 

ELECTRON  CHANNELLING  PATTERN  OF 
CHEMICALLY  POLISHED  NIOBIUM  CRYSTAL. 
I.TNE  INDICATES  PROFILE  TRACE  POSITION. 


FIGURE  15. 

INTENSITY  PROFILE  ALONG  LINE  IN  FIGURE  14. 
SCALE:  2 VOLTS/cm. 


FIGURE  16.  FIGURE  17. 

ELECTRON  CHANNELLING  PATTEr N OF  INTENSITY  PROFILE  ALONG  LINE  IN  FIGURE  16. 

NIOBIUM  CRYSTAL  AFJER  ANODIC  OXIDATION  SCALE:  2 VOLTS/cm.  COMPARE  WITH  FIGURE  15. 

YIELDING  ABOUT  750A  THICK  LAYER  AS 

INDICATED  BY  COLORATION.  LINE  INDICATES  815 

PROFILE  TRACE  POSITION. 


FIGURE  18. 

ELECTRON  CHANF.LLING  PATTERN  OF  SII.TCCN  WITH 
CRYSTAL  normal  TO  KLE-IKUS  BEAM  AXIS.  LINE 


INTENSITY  PROFILE  ALONG  LINE  IN  FIGURE  18. 
SCALE:  2 VOLTS/cn. 


INDICATES  PROFIT. E TRACE  POSITION. 


FIGURE  20. 

ELECTRON  CHANNELLING  PATTERN  OF  SILICON 
WITH  CRYSTAL  TILTED  17*  WITH  P.ESPF.CT  TO 
ELECTRON  BEAM  AXIS.  LINE  INDICATES  PROFILE 


FIGURE  71 . 

INTENSITY  PROFILE  ALONG  LINE  IN  FIGURE  7 • 
SCALE:  2 VOLTS /cm.  COMPARE  WITH  FIGURES 
19  and  23. 


TRACE  POSITION. 
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FIGURE  22. 

ELECTRON  CHANNELLING  PATTERN  OF  SILICON 
WITH  CRYSTAL  TILTED  24.6®  WITH  RESPECT 
TO  ELECTRON  BEAM  AXIS.  LINE  INDICATES 
PROFILE  TRACE  POSITION. 


FI CURE  23. 

INTENSITY  PROFILE  ALONG  LINE  IN  FIGURE  22. 
SCALE:  2 VOLTS/ctn.  COMPARE  WITH  FIGURES 
19  and  21. 


FIGURE  24.  REFLECTION  KOSSEL  PATTERN  OF  IRON  CRYSTAL. 

LINES  (INDICATED  BY  ARROWS)  INCLUDE  [220], 
[211]  AND  [200]  TYPES. 
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FIGURE  25.  SCANNING  ELECTRON  MICROGRAPH  OF  PLASMA 
SPRAYED  ALUMINUM  MATRIX-BORSIC  FIBER 
COMPOSITE.  THE  BRIGHT  CENTRAL  REGION 
OF  THE  BORSIC  FIBER  IS  TUNGSTEN  WIRE. 
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Task  4 (Acct.  No.  179-12-11-05) 


MELT  SHAPE  IN  WEIGHTLESS  CRYSTAL  GROWTH* 

By 

S.  R.  Coriell  and  S.  C.  Hardy 
Institute  for  Materials  Research, 

National  Bureau  of  Standards 
Washington,  D.  C.  20234 

SUMMARY 

In  vertical  floating  zone  melting  and  during  crystal  pulling 
(Czochralski  growth),  the  shape  of  the  liquid-vapor  interface  depends  on 
the  gravitational  field.  If  the  liquid  zone  is  too  long  (or  if  in 
crystal  pulling  the  crystal  is  too  far  above  the  melt),  the  liquid  falls 
away  from  the  solid  ending  the  crystal  growth  process.  Heyvang  calcu- 
lated, using  certain  approximations,  the  maximum  possible  zone  length 
during  vertical  floating  zone  melting  and  the  maximum  height  of  a crystal 
above  the  melt  during  crystal  pulling.  We  have  undertaken  the  extension 
of  Heyvang ' s calculations  to  the  case  of  very  small  gravitational  fields, 

and  have  begun  measurements  of  contact  angles  in  connection  with  the 
proper  boundary  conditions  to  be  used  in  the  calculation  procedures, 

INTRODUCTION 

During  vertical  floating  zone  melting  and  during  crystal  pulling 
(Czochralski  growth),  the  shape  of  the  liquid-vapor  interface  depends  on 
the  gravitational  field.  If  the  liquid  zone  is  too  long  (or  if  in  crystal 
pulling  the  crystal  is  too  far  above  the  melt),  the  liquid  falls  away  from 
the  solid  ending  the  crystal  growth  process.  For  the  case  of  a liquid  In 
contact  with  a d ifferert  solid,  e.g.,  water  on  glass,  the  differential 
equation  for  the  shape  of  the  liquid-vapor  interface  in  a gravitational 
field  is  well  known.  For  example,  it  has  been  used  to  derive  meniscus 
shapes  and  the  shapes  of  sessile  anH  pendant  drops.  Heywangl  used  this 
equation  to  calculate  the  maximum  possible  zone  length  during  vertical 
floating  zone  melting  and  the  maximum  height  of  a crystal  above  the  melt 
during  crystal  pulling.  While  a rigorous  treatment  of  the  above  problem 
obviously  requires  consideration  of  heat  and  fluid  flow  during  the  crystal 
growth  process,  Heyvang’ s treatment  may  be  a reasonable  approximation. 
Heyvang  took  account  of  the  crystal  growth  process  by  requiring  a particular 
boundary  condition  at  the  freezing  interface,  viz.,  that  the  liquid-vapor 
interface  be  vertical  at  the  freezing  interface.  In  addition  to  a few 
numerical  calculations,  Heyvang  gi/es  a number  of  approximate  analytic 
treatments.  These  apprexina tions  may  not  be  valid  In  the  limit  of  small 
gravitational  fields  'which  were  not  of  primary  interest  to  Heyvang). 
Carruthers  and  Grasso^-^  have  recently  made  experimental  studies  of  floating 
liquid  zones,  suspended  between  glass  tubes,  for  various  effective  gravita- 
tional fields.  They  found  poor  agreement  between  their  experimental 
results  and  the  theoretical  results  of  Heyvang.  Some  of  the  disagreement 
may  be  due  to  approximations  made  by  Heyvang.  However,  Heyvang  used  quite 


♦Paper  presented  by  R.  L.  Parker. 
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different  boundary  conditions  than  would  be  appropriate  for  the  experiments 
of  Carruthers  and  Grasso,  i.e.,  the  boundary  conditions  at  a freezing  inter- 
face may  not  be  the  same  as  those  at  a solid  A-liquid  B interface.  It  would 
be  of  great  interest  to  determine  either  theoretically  or  experimentally  the 
proper  boundary  condition. 

A study  of  the  literature  on  the  shape  of  the  liquid  meniscus  during 
Czochralski  crystal  growth  has  indicated  the  possible  occurrence  of  non- 
zero liquid-solid  contact  angles  in  several  opaque  systems.  This  observa- 
tion is  in  contradiction  to  the  usual  assumption  that  a liquid  perfectly 
wets  its  solid  phase.  As  a consequence,  we  have  designed  an  experiment  to 
observe  the  meniscus  between  a pool  of  water  and  a cylindrical  ice  crystal 
held  iscthermally  at  the  molting  point.  The  use  of  a transparent  material 
will  permit  an  observation  of  the  liquid-solid  interface  in  addition  to  the 
liquid-air  and  solid-air  interfaces  observed  in  opaque  systems.  This  is 
important  because  a curved  liquid-solid  interface  could  result  in  a non-zero 
contact  angle. 


Recently  Pitts  [J.  Fluid  Mech.  j>9,  753  (1973)]  has  studied  the  stability 
of  a two  dimensional  pendent  liquid  drop.  Considering  small  perturbations  in 
the  shape  of  the  liquid  drop,  Pitts  calculates  the  energy  to  second  order  in 
the  perturbation.  He  shows  that  the  drop  is  stable  as  long  as  the  height  and 
the  area  increase  together.  We  have  studied  in  detail  the  methods  used  by 


tills  hi  ui uer 


similar  techniques  to  the  stability  of 


floating  zones  and  crystal  pulling. 


Observations  have  been  made  of  the  liquid  meniscus  between  a cylindrical 
single  crystal  of  ice  and  a pool  of  water  held  isothermally  at  the  melting 
point.  The  liquid-solid  contact  angle  appeared  to  be  zero  in  these  experiments. 
However,  since  the  crystal  was  at  its  melting  point,  its  surface  was  covered 
with  a liquid  film  and  a zero  contact  angle  with  the  melt  would  be  expected. 

A new  apparatus  has  been  constructed  which  will  permit  the  crystal  to  be 
held  slightly  below  the  melting  point  and  the  pool  of  water  slightly  above 
the  melting  point.  This  arrangement  will  eliminate  the  surface  water  film 
and  will  thus  more  nearly  duplicate  the  conditions  used  in  Czochralski  growth. 
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Task  5 (Acct . No.  179-14-10-13) 

VAPOR  TRANSPORT  SYNTHESIS  AND  CRYSTAL  GROWTH  OF  OXIDES* 

By 

H.  S.  Parker 

Institute  for  Materials  Research, 

National  Bureau  of  Standards 
Washington,  D.  C.  20234 

SUMMARY 

The  primary  objective  of  this  task  is  the  development  of  advanced 
techniques  for  vapor  transport  synthesis  and  crystal  growth  in  mixed  oxide 
systems.  The  ZrC^-TapOs  system  was  chosen  for  investigation  not  only 
because  it  is  a typical  mixed  oxide  system  but  because  successful  develop- 
ment could  provide  a new  type  of  stabilized  Zr02* 

The  results  of  transport  experiments  using  I2  + S2  and  ZrCl^  for 
transport  of  Zr02  in  the  3-7  atmosphere  range  at  average  temperatures  of 
about  950-1100°C  were  largely  negative.  Simultaneous  transport  experiments 
of  Zr(>2  + Ta20s  using  ZrCl4  and  TaCl^  resulted  in  severe  attack  of  the 
quartz  reaction  rubes,  although  alumina  tube  liners  reduced  .t Ms  attack. 
Minor  success  was  obtained  in  simultaneous  transport  using  ZrCl4  + S2  as 
transport  agents.  Additional  experiments  on  pure  vapor  phase  growth  of 
HgCl2  seem  quite  promising. 


INTRODUCTION 

The  objectives  of  this  study  are  the  investigation  of  advanced 
techniques  for  vapor  transport  synthesis  and  crystal  growth  iu  binary 
and  ternary  oxide  systems  and  definition  of  the  limitations  imposed  by 
convective  effects  on  the  process  at  high  pressures  and  large  temperature 
gradients. 

Crystal  growth  of  binary  and  ternary  chalcogenides  by  vapor  transport 
reactions  has  received  considerable  attention  in  the  pastl*2#  Applications 
of  the  technique  to  the  synthesis  and  growth  of  oxide  crystals  have  been 
confined  to  single  oxides  in  most  cases,  with  the  major  exceptions  being 
certain  spinels  and  gerraanates^.  Emmenegger 3* 4 Emmcnegger  and 

Petermann^  have  investigated  the  transport  and  crystal  growth  of  ternary 
metal  oxides  and  transition  metal  niobates  and  tantalates.  More  recently, 
Bowen  and  co-workers^  have  described  the  growth  of  transition  metal  oxide 
solid  solutions . 

The  selection  of  ordered  fluorite  structure  type  phases  in  oxide 
systems  for  initial  investigation  was  motivated  by  scientific  interest 
in  extension  of  the  vapor  transport  growth  technique  and  potential 
technological  application  of  materials  possessing  this  structure.  The 
specific  material  for  initial  consideration  is  Zr02  in  combination  with 
either  Ta205  or  ^205.  Zirconium  dioxide  is  an  important  refractory 
material  because  of  its  high  melting  point,  chemical  inertness  and  low 
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vapor  pressure.  In  the  pure  form,  ZrCL  undergoes  a reversible  phase  transi- 
tion from  the  monoclinic  to  tetragonal  form  at  about  1000°C  which  is 
accompanied  by  a disruptive  volume  change  of  nine  percent.  In  order  to 
avoid  this  problem,  Zr02  is  commonly  stabilized  in  a cubic  form  by  the  use 
of  up  to  15  percent  of  CaO,  Y203  or  MgO  as  an  additive. 

Work  at  NBS  has  indicated  that  an  alternative  method  of  stabilizing 
Zr02  is  the  formation  of  ordered  fluorite  structure  type  phases  (orthor 
rhombic) ? » 8 » 9#  This  structure  is  an  anion  excess  type  rather  than  the 
oxygen  (anion)  deficient  type  obtained  with  CaO,  Y203  or  MgO  additives  and 
should  have  greater  stability.  Melting  points  of  suitable  compounds  in  the 
Zr02-Ta205  systems  are  in  excess  of  2000°C,  thus,  a more  stable  form  of  Zr02 
would  be  of  considerable  importance.  In  addition,  little  is  known  about  the 
structure,  physical  and  electrical  properties  of  these  phases. 

The  high  melting  points  present  a problem  in  synthesis  and  growth  of 
single  crystals  suitable  for  characterization  and  investigation.  The 
largest  crystals  we  have  been  able  to  obtain  from  flux  or  solid  state 
techniques  are  of  the  order  of  0.5  mm  in  size^.  Vapor  phase  transport 
techniques  offer  the  potential  Cor  obtaining  larger  sized  crystals  at 
temperatures  well  below  the  melting  points. 

The  use  of  closed  tube  transport  techniques  for  synthesis  and  crystal 
growth,  together  with  the  criteria  for  selection  of  a suitable  transport 
reaction  has  been  described  by  Schafer* >10  and  Laudlse**.  Basically,  an 
attempt  is  made  to  select  a suitable  transport  agent  such  that  the  desired 
phase  is  the  only  solid  product  at  the  working  temperatures,  the  equilibrium 
position  is  not  extreme  (aG°  r 0)  and,  for  reasonable  transport  rates,  the 
aH°  value  for  the  reaction  should  be  near  zerc. 

The  transport  of  Ta205  with  halogens  is  well  established*  according 
to  the  reaction: 

T.i205  + 3TaClb  t 5TaOCl3 

at  total  pressures  of  i atmosphere  at  temperatures  of  750°  and  650°  with 
transport  rates  in  excess  of  10  mg/hr.  However,  only  one  report  of  the 
closed  tube  transport  of  Zr02  was  found  in  the  literature.  Nitsche2  reports 
the  use  of  I2  + S2  as  transporting  agents  and  temperatures  of  1050°  - 1000°C 
although  no  further  experimental  details  were  given. 

EXPERIMENTAL 

Transport  studies  were  carried  out  in  quartz  tubes  of  8 .m  inside 
diameter  and  about  15  cm  total  length.  Prior  to  use,  the  tubes  were 
cleaned,  evacuated  and  baked  out  at  about  300°C  at  pressures  of  about 
1 x 10~6  torr  overnight  prior  to  loading.  A sorption  rough  pump  ion 

diffusion  pumping  syscem  was  used  to  avoid  contamination  from  oil  vapors. 

Following  bakeout,  the  tube  was  charged  with  an  excess  of  high 
purity  oxide  together  witn  the  calculated  amount  of  transport  agent.  The 
tube  was  then  re-evacuated  and  sealed  off  at  pressure  of  5 x 1CT6  Torr  or 
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less.  The  oxides  used  were  nominally  of  99.99%  or  higher  purity.  In  the 
case  of  simultaneous  transport  experiments,  two  different  types  of  charge 
were  used.  In  one  case,  the  Zr02  and  Ta205  were  added  as  the  unreacted 
oxides.  The  alternative  method  chosen  was  to  first  react  the  two  materials 
at  150Q*C  to  yield  a single  phase  product  of  the  desired  composition  and 
subsequently  use  this  material  as  the  charge. 

» 

The  furnaces  used  were  of  the  multizone  type,  with  independent 
control  of  each  zone.  By  the  use  of  suitable  thermal  baffles,  two 
isothermal  regions  (+10°C)  of  about  15  cm  length  could  be  established, 
separated  by  a central  region  of  about  1.5  cm  over  which  the  AT  for 
transport  was  established.  Both  vertical  and  horizontal  configurations  were 
used.  The  transport  tubes  were  placed  in  the  furnace  such  that  the  center 
of  the  tube  coincided  with  the  temperature  gradient. 

Total  pressures  for  the  various  transport  agents  were  calculated  on 
the  basis  of  average  tube  temperature  and  assumed  ideal  behavior  of  the 
gaseous  species.  Typical  tube  loadings  were  of  the  order  ot  4 to  7 mg  per 
cm^  0f  tube  volume  for  the  pressure  ranges  chosen,  about  3-7  atmospheres. 

RESULTS  AND  DISCUSSION 

The  results  of  the  transport  experiments  are  summarized  in  Table  1. 
Because  of  the  lack  of  information  regarding  the  transport  of  ZrQ? , the 
major  effort  was  devoted  to  attempting  to  establish  suitable  conditions 
for  the  transport  of  reasonable  amounts  of  Zr02  alone.  All  attempts  to 
duplicate  the  reported  transport^  using  I2  + S2  were  largely  unsuccessful, 
up  to  the  temperature  and  pressure  limits  of  the  quartz  tubes.  At  the 
highest  temperatures  and  pressures,  only  milligrams  amounts  of  transport 
were  achieved  in  reasonable  times. 

Attempts  to  use  ZrCl4  as  a transport  agent  yielded  poor  results 
except  at  the  limits  of  the  quartz  tube,  although  crystallinity  of  the 
deposit  was  impr  /ed  greatly.  A more  serious  problem  when  transport  of 
Zr02  + Ta205  was  attempted  was  the  severe  attack  on  the  quartz  tube  in  the 
presence  of  ZrCl4  and/or  TaCl5.  The  amount  of  attack  was  directly  related 
to  temperature.  This  resulted  in  a large  percentage  of  tube  failures 
during  a run.  Optical  and  x-ray  diffraction  examination  of  a typical  run 
with  ZrCl4  indicated  the  major  reaction  product  to  be  low  cristobalite 
with  no  detectable  ZrSi04  present.  Thus,  it  appears  that  the  devitrifica- 
tion of  the  fused  quartz  is  enhanced  by  the  presence  of  ZrCl4  and/or  ZrOCl2. 
This  limitation  on  maximum  working  temperature,  together  with  the  low 
transport  rates  observed,  suggested  that  ZrCl4  with  or  without  TaCl5  ii  not 
suitable  for  larger  scale  crystal  growth  in  a closed  quartz  tube  system. 

Attempts  to  modify  the  transport  reaction  by  the  addition  of  another 
component  to  the  system  and  thus  reduce  the  temperature  required  as  well  as 
increase  transport  rates  are  being  investigated.  Preliminary  results  using 
ZrCl4  and  sulfur  at  lower  temperatures,  1070°-970°C,  have  yielded  milli- 
grams of  transported  material  with  small,  well-formed  crystals.  However, 
the  transport  rate  must  be  increased  if  sizeable  amounts  of  material  are  to 
be  grown. 
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In  an  attempt  to  reduce  corrosive  attack  and  devitrification  of  the 
quartz  transport  tubes,  a dense  alumina  tube,  closed  at  one  end,  was  used 
as  a liner  in  the  high  temperature  zone.  Preliminary  heatings  suggest  that 
such  a liner  will  reduce  the  attack  of  the  ZrCl4  transport  agent  on  the 
quartz  tube. 

One  transport  experiment  of  95  hour;*  duration  was  successfully 
completed.  A tube  charge  of  prereacted  6Zr02:Ta20s  was  used,  with  a 2:1 
ratio  of  ZrCl4:S  as  transport  agent.  Temperatures  of  hot  and  cold  zone 
were  1050°C  and  950°C  respectively,  with  a calculated  total  pressure  of 
5 atmospheres.  Under  these  conditions,  considerable  transport  occurred. 

The  transported  material  was  largely  dendritic  in  nature  although  many 
poorly  formed  crystallites  were  observed. 

Attempts  were  made  to  increase  the  mass  transport  rate  by  varying 
the  ZrCl4:S2  ratio  while  maintaining  a calculated  total  pressure  of  6 
atmospheres  and  temperatures  of  1100°  and  1000°.  Over  a range  of  5 ZrCl4:S2 
to  50  ZrCl4:S2,  no  discernable  effect  was  noted  and  the  total  amount 
transported  in  100  hour  runs  was  less  than  previously  obtained  with  a 2 
ZrCl4:S2  ratio. 

Work  has  begun  on  the  study  of  convection  and  diffusion  effects  on 
the  growth  of  Hg2Cl2  by  the  evaporation-condensation  technique.  In  view 
of  the  nigh  vapor  pressure  of  Hg2Cl2  at  temperatures  In  the  350°  - 450°C 
temperature  range,  0.5  to  8 atmospheres,  large  mass  transport  rates  should 
be  attainable  with  reasonable  temperature  gradients.  In  one  run  of  68  hours 
duration,  with  an  average  source  temperature  of  400°C,  34.05  grams  of 
material  were  transported  by  using  a 100°C  temperature  gradient.  Because 
the  entire  charge  was  transported,  the  actual  time  required  is  unknown.  In 
a second  run,  with  a source  temperature  of  390°C,  15.15  grams  were  trans- 
ported in  48  hours  using  a 20°C  temperature  gradient.  Both  runs  were  made 
in  18  mm  I.D.  quartz  tubing,  with  the  tubes  placed  horizontally. 
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TABLE  1 

Summary  of  Transport  Experiments 


Material 

Transport 

Agent 

Temperatures 

Time 

Total  Pressure 

Results 

Zr02 

h*h 

1025°-910°C 

169  hr. 

3.5  atm 

no  transport 

Zr02 

4I2  + S 2 

1100°-1000°C 

48  hr. 

3,5  atm 

minor  transport 

Zr02 

4IZ  + S2 

1 1 75° -1 1 10°C 

100  hr. 

7 atm 

mg  transport 

Zr02 

ZrS2  + I2 

1100°-1000°C 

200  hr. 

5 atm 

mg  transport 

Zr02 

ZrCl4 

900°-800°C 

170  hr. 

3 atm 

no  transport 

Zr02 

ZrCl4 

noo°-iooo°c 

168  hr. 

5 atm,  6 atm 

mg  transport, 
small  crystals 
formed  (<0.5  mm) 

10  Zr02:Ta20g 

1.65  ZrCl4:TaCl5 

1125°-1025°C 

72  hr. 

5 atm,  7 atm 

tube  failure 
corrosive  attack 

10  Zr02:Ta205 

1.85  ZrCl4:TaCl5 

1075°-975°C 

<168  hr. 

5 atm,  7 atm 

tube  failure 
corrosive  attack 

10  Zr02:Ta20g 

1.85  ZrCl 4 : TaCl 5 

1050°-950°C 

<168  hr. 

6 atm 

tube  failure 
corrosive  attack 

8 Zr02:Ta205  ^ 

4ZrCl4:S2 

1070°-970°C 

168  hr. 

5 atm 

mg  transport, 

crystals  0.5  x 0.5  x 3 mu 

a/  prereacted  material 
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SURFACE  TRACTION  AND  OTHER  SURFACE  PHENOMENA* 

; By 

A.  L.  Dragoo 

Institute  for  Materials  Research, 

National  Bureau  of  Standards 
Washington,  D.  C.  20234 

SUMMARY 

Theoretical  analyses  of  processes  occurring  in  levitated  melts 
during  evaporative  purification  were  carried  out.  The  interactions  of 
non-uniform  evaporation  and  of  thermal  and  solutal  capillary  convection 
were  considered  qualitatively.  Studies  were  begun  on  pure  diffusion 
coupled  with  non-uniform  evaporation.  The  pattern  of  thermocapillary 
convection  cells  in  a drop  with  an  axially  symmetric  temperature  field 
on  the  surface  was  deduced  by  determining  the  zero-points  i * the  velocity 
field  and  the  streamlines  in  the  liquid  drop.  Initial  work  on  the  deriva- 
tion of  a formula  for  the  circulation  time  associated  with  such  cells  is 
described . 


INTRODUCTION 

1.  thermal  and  solutal  capillary  convection  and  mass  transfer 
with  non-uniform  evaporation, 

2.  thermocapl 1 lary  convection  for  a general  steady-state  temperature 
field  on  the  surface  of  a drop. 

Thermal  capillary,  or  thermocapillary,  convection  is  convection  driven  by 
a surface  tension  gradient  which  is  generated  by  a gradient  in  the 
superficial  temperature.  Solutal  capillary  convection  is  convection 
caused  by  a superficial  concentration  gradient  including  a surface  tension 
gradient.  Where  the  meaning  is  clear,  the  word  "capillary"  will  be  dropped 
and  only  the  terms  "thermal  convection”  and  "solutal  convection"  will  be 
used . 


*Paper  presented  by  R.  L.  Parker . 
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Both  of  these  problems  are  important  to  the  fluid  dynamics  of 
levitated  melts*  Implicit  in  both  is  the  assumption  that  any  practical 
heating  configuration  will  produce  a non-uniform  heating  of  the  surface 
of  the  drop  which  can  result  in  thermal  convection  and  other  effects. 

The  first  problem  appears  when  one  attempts  to  describe  the 
evaporative  purification  of  a melt  in  which  convective-diffusion,  non- 
uniform  evaporation,  thermal  capillary  convection  and  solutal  capillary 
convection  are  present.  Qualitative  aspects  of  all  four  of  these 
phenomena  are  considered  here.  Next,  progress  on  a problem  involving 
pure  diffusion  coupled  with  non-uniform  evaporation  is  described. 

Work  on  the  second  problem  extends  results,  given  in  the  May  report, 
of  an  analysis  of  the  components  of  the  velocity  field.  The  arrangement 
of  convection  cells  and  the  location  of  zero-points  in  the  velocity  field 
for  the  general  axially  symmetric  case  are  considered  m this  reoort. 
Current  work  on  a general  expression  for  the  circulation  time  is  described. 

1.  Thermal  and  Solutal  Convection;  Diffusion  with  Non-uniform 

Evaporation 

In  a previous  report,  a simple  corvee tive-dif fusion-evaporation 
nroblom  was  solved  in  which  the  evaporation  rate  was  assumed  to  be  uniform 
over  the  surface  although  the  surface  temperature  was  not  uniform.  The 
non-uniform  superficial  temperature  was  assumed  to  operate  only  through 
rhe  cnermocapiiiary  effect.  The  convec tlve-cl it tus ion  equation  was  solved 
by  splitting  the  concentration  into  a spherically  symmetric  and  an  angular 
dependent  part.  Ihe  former  part  was  found  to  be  expressible  in  terms  of  a 
standard  solution  to  the  diffusion  equation  plus  a perturbation  term. 
Furthermore,  the  rate  of  loss  could  be  expressed  in  terms  of  a standard 
diffusion  result  evaluated  at  the  surface  plus  a perturbation  term  similar 
to  the  above.  A self-consistent  method  of  solution  was  outlined.  This 
simplified  solution  had  two  weaknesses: 

a.  th'*1  non- isotropic  thermal  condition  was  assumed  to  influence 
the  surface  tension  but  not  the  evaporation  rate  constant, 

b.  an  attendeat  variation  of  concentration  over  the  surface  and 
its  influence  on  the  surface  tension  was  ignored. 

a.  Qualitative  aspects  of  the  more  general  problem 

The  more  general  problem  is  one  in  which  convection  is  driven  by 
surface  tension  gradients  arising  both  from  thermal  and  solutal  gradients 
and  in  which  diffusion  is  perturbed  both  by  convection  and  by  non-uniform 
evaporation.  Moreover,  these  various  processes  interact.  For  example, 
diffusion  will  alter  concentra tion  gradients  on  the  surface  which  were 
produced  by  non-uniform  evaporation.  The  change  in  these  gradients  will 
modify  the  convection  which  will  react  back  on  both  the  diffusion  and  the 
evaporation  processes.  A more  general  problem  is  which  heat  transfer  is 
coupled  to  tte  above  processes  was  not  considered;  instead,  steady-state 
heat  transfer  was  assumed  to  persist  throughout. 
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To  simplify  the  further  discussion,  the  drop  will  be  assumed  to  be 
heated  at  one  pole  and  to  be  cooled  at  the  other.  Evaporation  will  be 
faster  at  the  hotter  pole,  so  that  the  concentration  of  volatile  impurities 
will  be  lower  there  than  at  the  colder  pole.  If  normal  thermal  convection 
is  present,  liquid  adjacent  to  the  surface  will  be  pulled  toward  the  colder 
pole,  liquid  will  descend  in  the  colder  hemisphere  and  will  rise  In  the 
hotter  one.  The  impur i ty-r ich  liquid  from  the  interior  will  tend  to 
replenish  the  depicted  liquid  near  the  hotter  region  of  the  surface  while 
surface  currents  wi^l  tend  to  smooth  out  concentration  differences  between 
hotter  and  colder  surface  regions.  The  net  effect  of  non-uniform  evapora- 
tion and  normal  thermal  convection  is  toward  homogenization  cf  the  surface 
concentration.  Aromalous  thermal  capillary  convection,  on  the  other  hand, 
will  tend  to  enhance  the  variation  in  surface  concentration  brought  about 
by  evaporation. 

If,  in  addition  to  thermal  capillary  convection,  solutal  capillary 
convection  is  present,  not  only  will  interactions  take  place  in  terms  of 
concentrat ion  but  they  will  also  appear  in  the  velocity.  If  normal 
soluta.1  convection  is  assumed  to  produce  movement  of  surface  liquid  from 
regions  of  high  impurity  concentration  to  regions  of  low  concentration, 
it  will  tend  to  oppose  the  flow  due  to  thermal  convection.  As  an  additional 
contiast  to  norm  1 1 thermal  c*.  nvoction,  it  most  likely  will  enhance  the 
disparity  in  surface  concentration  because  it  will  bring  impurity-rich 
liquid  from  the  interior  to  the  colder  surface  region  which  already  would  be 
enricned  with  respect  to  the  hotter  surface  by  evaporation.  However,  the 
resulting  surface  flow  will  tend  to  level  out  the  concentration  disparity 
between  the  two  regions,  albeit  not  as  effectively  as  the  transfer  of 
material  from  the  interior. 

The  expected  consequences  of  the  various  processes  are  summarized  in 
Table  I.  Non-uniform  evaporation  is  assumed  to  be  present  in  processes 
"4,M  through  "9"  as  the  means  to  the  concent ra t ion  gradients  needed  for 
sclutal  convection  although  it  is  only  cited  explicitly  in  "l.".  The 
-t-  • ' I unn  shows  the  direction  of  fluid  flow  at  the  surface  for  each 

prci  fss  both  in  terms  of  temperatures,  e.g.  hot  * .old,  and  in  terms  ot 
concentration,  e.g.,  low  -►  high.  The  third  column  gives  the  departure 
of  surface  concentration  near  the  hotter  pole  from  the  average  for  the 
total  surface.  The  changes  in  concentration  are  those  for  the  process, 
per  se,  so  that  the  net  concentrat ion  is  obtained  by  adding  the  effect 
of  evaporation  it  it  is  required  to  be  present. 

b.  Pure  diffusion  coupled  with  non-uniform  evaporation 

WorV  was  begun  on  the  problem  of  diffusion  with  non-uniform 
evaporation,  the  evaporation  rate  constant  having  the  form 

1 = + ctl  Tj  cos  9 (1) 

Although  the  solution  to  the  angular-dependent  diffusion  problem  can  be 
performed  easily — the  form  of  the  solution  being  suggested  by  the 
analogous  quantum  mechanical  problem  of  the  wavef unc t ions  for  a three- 
dimensional  square  well,  the  kinetic  boundary  condition 
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(2) 


-D(3c/3  r) 


now  introduces  a major  complication  because  its  dependence  on  cos  0 couples 
successively  higher  order  of  the  Legendre  polynomials  of  the  concentration 
expression 

c(r,0,t)  - cq  - Z Z C e -  2  3 (cos  9).  (3) 

*-os  i 

The  functions  and  are  the  Jtth  order  spherical  Bessel  function  and 
the  tth  order  Legendre  polynomial,  respectively.  The  index  a runs  over 
values  of  the  wavenumber  <^g  satisfying  the  boundary  conditions. 

2.  Thermocapillary  Convection  for  a General  Steady-State  Temperature 

Field  on  the  Surface  of  a Drop 


In  the  previous  report,  a mathematical  analysis  developed  by  Miller 
and  Scrivenl  for  the  oscillations  of  a fluid  droplet  immersed  in  a second 
fluid  was  applied  to  the  steady-state  problem  of  surface  tension  induced 
flow  when  an  arbitrary  superficial  temperature  field  is  present  on  the  drop. 
The  temperature  field  was  described  by  a series  expansion  in  spherical 
harmonics  and  the  velocity  components  were  found  for  an  arbitrary  term  in 
the  temperature  field,  say  Y^(y,4>).  To  obtain  a solution  it  was  necessary 
to  introduce  a function  B(0,<£)  which  described  small  deformations  of  the 
surface  of  the  drop.  An  expression  was  given  for  the  generalized  character- 
istic speed 


tm  2u[(2l+l)(l+2)yQ  + 


(A) 


(the  various  coefficients  are  identified  at  the  end  of  this  report).  The 
circulation  time  r for  the  second-order  mode  (Jt=2,  m=0)  was  estimated  and 
compared  with  the  first-order  mode  (£~1,  m=0) . It  was  found  that 


when  (ST/aR)  was  the  same  in  both  cases.  This  suggests  that  the 

r — K , 0 — u 

first-order  mode  could  be  considerably  more  important  than  the  second-order 
mode  in  such  processes  as  mass  transfer. 

Subsequent  work  has  been  carried  out  on 

1.  the  identification  of  the  zero-points  of  the  flow  rate  v for  a 
"pure”  axially  symmetric  node,  i.e.,  one  corresponding  to  a 
Y°(9,<j>)  term  in  the  temperature  expansion, 

2.  the  development  of  a general  solution  for  t for  the  axially 

symmetric  case. 
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The  rate  of  flow 


v - [ur2  + u02  + u (5) 

where 


£,m 

ur(«,m) 

(6a) 

E1 

uQ(l,m) 

(6b) 

t ,m 

E 1 

(6c) 

9 

are  the  components  of  the  velocity  field.  For  the  axially  symmetric  case, 
* 0.  The  determination  of  the  zero-points  of  v requires  a detailed 
knowledge  of  the  temperature  field  at  the  surface  of  the  drop. 


For  a pure  axially  symmetric  mode  resulting  from  a superficial 
temperature  field 

Tg(9)  - Ti0R*Yi(9,*)  “ T10K*t(2i+l)/47t]'5  \ (cos  6), 


(7) 


(1+2)  .... 

Ul+1)  r { (l-r2)2  (Pt>2  + I(£+l)-(£+3)  r2]2  (P^1)2}2 


(8) 


- U 

where  * v^/U^q  [ (2Jt+l) /4:t  ] and  r * r/R.  It  is  obvious  that  V£  = 0 
inside  the  drop  where  r2  * ( fc+l> /(£4*3)  and  * 0.  Since  has  j l nodes, 
there  must  be  t of  these  points.  On  the  surface  of  the  drop  (i.e.,  r - 1) , 
ve  * 0 if  PJ  * 0.  Pj[  has  t+1  nodes,  including  one  at  each  pole,  so  that 
v?  * 0 at  (*+1)  points  on  the  surface.  In  addition,  if  t > 1,  v^  = 0 when 
i ~ 0 which  implies  that  flow  occurs  through  the  center  of  the  drop  Mily 
if  l ■ 1.  Finally,  we  must  consider  the  possible  occurrence  of  other 
internal  zero-points.  That  is,  are  there  other  points  such  that 

(l-r2) 2 (Pp2  + [(*+1)  - U+3)r2]2  (Pp2  = 0 ? 

The  answer  is  no.  Since  each  term  is  either  positive  or  zero,  and 
since  neither  (l-r2)  and  [ ( £+1)- ( fc+3)f 2 ] nor  P^  and  P£  vanish  at  identical 
values  of  r and  cos  e,  respectively,  there  are  no  other  internal  zeroes 
for  v. 


Evaluation  of  the  s-treamlines  shows  that  each  of  the  internal  zero- 
points  serves  as  a focus  for  a set  of  streamlines.  Thus,  the  £th-order 
axial- symmetric  mode  will  consist  of  l convection  cells. 

The  circulation  times  r,  which -are  given  formally  by 

t » $dL/V 
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and  which  arc  associated  with  each  of  the  £ convection  cells,  can  be 
evaluated  by  requiring  that  the  quantity  of  material  circulating  about 
a zero-point  in  a time  i equals  the  quantity  of  material  in  the  volume 
containing  the  streamlines  about  that  zero-point.  It  is  not  apparent 
from  work  performed  to  date  that  the  circulation  times  associated  with 
the  various  convection  cells  are  necessarily  equal.  An  expression  for 
rs,  the  circulation  time  associated  with  the  ”sM  zero-point,  has  been 
obtained  in  terms  of  the  angles  0S,  ©s-i*  and  0g,  where  (cos  0S)  * 0, 

?[  (cos  Qs-l)  * P£  (cos  Cg)  “ ^ and  9s-l  anc*  °s  are  the  nearest  lower 
and  upper  bounds  of  0S,  respectively.  This  expression  is  very  complicated 
and  it  is  hoped  that  the  analyses  of  the  roots  of  and  Pj  , which  are  now 
in  progress,  will  help  to  simplify  this  expression,  in  addition  to 
establishing  the  relationship  between  all  the  igS. 

Work  continues  on  the  computer  program  to  plot  stream  functions. 
Programming  was  begun  on  a routine  to  compute  and  to  plot  evaporation 
rates  for  d if f usi on-cont rol led  and  for  convective  diffusion-controlled 
evaporation  from  spherical  melts. 


Symbols  Used  in  this  Report 


radius  of  the  drop 

temperature 

concentration 

components  of  the  velocity  field 

rate  of  flow 

rate  of  evaporation 

diffusion  coefficient 

evaporation  coefficient 

circulation  time 

surface  tension  coefficient 

thermal  coefficient  of  the  surface 
tension,  = (3y/3T) 

To 

thermal  coefficient  for  the  surface 
deformation,  = (3T/3R) 

R 


m 

Quant  it  ies  associated  with  the  (t  ,m)  -mode,  i.e.,  (d  ,<£  ) 

u (£ ,m) ,etc.  components  of  the  velocity  field 

U.  characteristic  speed 

Zm  r 

vrt  rate  of  flow 

Zm 

T.  thermal  coefficient  of  the  temperature 

9m  4 

field  expansion 


* 
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Table*  1 


Interaction  of  Evaporation,  and  Thermal  and  Solutal  Convection 


Process 

Direction  of 
Convective  Flow 
at  the  Surface 

Departure  of  Concn 
at  Hot  Pole  from 
Average 

1.  Evaporation,  da/8T>0 

— 

Decrease 

2.  Normal  thermal  conv. 

hot  -*•  cold 
(low  c -*  high  c) 

Increase 

3.  Anomalous  thermal 

cold  hot 

(high  low) 

slight  increase 

4.  Normal  solutal  conv. 

high  c -►  low  c 
(cold  -+  hot) 

slight  increase 

5.  Anomalous  solutal 

low  high 

(hot  -*  cold) 

Increase 

b.  “2  . + '!4  . " 

tend  to  cancel 

Increase 

7.  ”3 . M + "5." 

tend  to  cancel 

Increase 

8.  "2.M  + ”5 . " 

hot  -+•  cold 

strong  increase 

9.  f,3.”  + "4." 

cold  -v  hot 

slight  increase 
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STUDIES  OF  LIQUID  FLOATING  ZONES 
ON  SL-IV,  THE  THIRD  SKYLAB  MISSION 

by  * w 7 4 299 

J.  R.  Carruthers  * 

Bell  Laboratories 
Murray  Hill,  New  Jersey  07974 

SUMMARY 

The- behavior  of  liquid  floating  zones  in  a 
zero-gravity  environment  was  studied “by  Dr  F,  qihson 
on  SL-,3^.  ' here  experiments  were  designed  from  the 

results  of  previous  work  on  floating  zones  in  a simulated 
zero-gravity  model.  Molten  floating  zones  are  uses  on 
earth  for  the  crystal  growth  and  zone  refining  of  reactive 
materials.  The  Skylab  studies  give  some  insight  into  the 
problems  associated  with  the  development  of  the  technique 
for  the  future  space  processing  of  materials.  Preliminary 
results  are  presented  this  paper  on  the  stability  of 
the  liquid  zone  surface  under  static,  rotational  and 
vibrational  conditions  without  gravitational  constraints. 
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I.  INTRODUCTION 


One  of  the  most  unique  advantages  of  a zero- 
gravity  environment  for  the  processing  of  materials  is 
the  elimination  of  containers  in  the  handling  of  molten 
liquids.  Many  containers  react  with  melts  of  interest 
during  crystal  growth  and  solidification  processes  and 
result  in  uncontrolled  contamination  of  the  crystal  or 
ingot.  Three  techniques  have  been  developed  to  perform 
containerless  melting  on  earth;  the  electromagnetic 

( i _ 3 ) 

levitation  of  liquid  metal  drops  weighing  C to  iO  g m, 
the  use  of  sessile  drops  which  freeze  onto  a seed  of  s i in  - 

(4 ) 

composition  as  in  the  Verneuil  technique,  and  the  use 
of  molten  floating  zones  suspended  between  cylindrical 
rods  of  the  same  material  and  contained  by  surface  tension 

/ r _ O 1 

for  heights  less  than  1 to  1.5  cm.  ' These  techniques 
serve  as  the  basis  for  the  development  of  suitable  metric,  j. 
for  the  handling  of  molten  liquids  in  zero  gravity. 

One  of  the  first  successful  applications  of  liquia 
surface  tension  forces  to  contain  liquid  zones  under  normal 
gravitational  conditions  was  tne  use  of  floating  zones  to 
purify  and  grow  single  crystals  of  reactive  materials  such 
as  silicon  and  tungsten.  More  recently,  high  melting  oxide 
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(9-12) 


single  crystals  have  also  been  grown  from  floating  zones. 
Although  levitation  forces  may  be  provided  by  external  fields 
to  support  conducting  liquids  away  from  solid  surfaces,  the 
concept  of  a solid  in  contact  with  its  own  liquid  under  only 
surface  tension  constraints  is  basically  simple  and  central 
to  the  crystal  growth  process.  The  removal  of  gravitational 
constraints  from  such  floating  zones  means  that  the  value 
of  the  surface  tension  will  not  limit  the  materials  which 
can  be  prepared  by  this  technique  and  that  normal  resistive 
or  radiative  heating  of  the  zones  can  replace  the  more 
concentrated  but  less  desirable  rf  heating  sources  currently 
used  on  earth. 

However  crystals  grown  on  earth  by  the  floating- 
zone  technique  possess  some  undesirable  features  which  have 
limited  its  widespread  use: 

(1)  the  radial  distribution  of  solute  dopants  or 

nonstoichioraetric  components  is  nonuniform  due  to 
variations  in  the  diffusion  boundary  layer 
thickness  at  the  freezing  interface  caused  by 
convective  flows  in  the  zone.  These  convective 
flows  arise  from  thermal  convection,  the  rotation 
of  the  solid  end  members  required  to  provide 
radial  temperature  uniformity  and  the  presence 
of  electromagnetic  stirring  in  the  case  of  RF  - 
heated  zones. 
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(2) 


the  dislocation  density  can  be  very  high  becaus 
of  the  large  temperature  gradients  required  to 
control  the  shape  and  position  of  the  crystal-melt 
interface. 

(3)  the  crystal-melt  interface  curvature  is  quite  often 

convex  into  the  melt  so  that,  for  certain  orientations 
in  semiconductor  crystals,  interface  facets  are 
allowed  to  develop  which  cause  abrupt  changes  in 
the  rate  of  solute  incorporation  across  the  interface 
of  the  growing  crystal. 

Some  of  these  features  can  be  controlled  by  a modification 
of  the  floating  7. one  method  called  the  pedestal  technique 
where  the  growing  crystal  and  charge  feed  rod  are  of  unequal 
diameters  and  are  not  axially  aligned.  These  changes  allow 
different  heater  designs  to  be  used  which  possess  axial  as 
well  as  radial  components  to  the  temperature  gradients 
around  the  liquid.  In  addition  nonaxial  convection  appears 
to  produce  more  radially  uniform  diffusion  boundary  layers. 

The  use  of  a zero-gravity  environment  removes 
some  of  the  constraints  Imposed  on  the  dimensions  of  floating 
zones,  eliminates  thermal  convection  and  allows  more  extensive 
geometrical  modifications  than  permitted  on  earth.  Studies 
of  floating  liquid  zones  have  already  been  performed  on 
earth  in  a Plateau  simulation  system  where  one  transparent 
liquid  is  suspended  inside  another  with  which  it  is 


Immiscible  but  equal  in  density, 
findings  were  reported: 


The  following 


(12,13) 


(1)  The  maximum  stable,  l ....  of  static  cylindrical 

max'  

liquid  zones  in  zero-gravity  is  equal  to  the  • 

« i 

circumference.  For  conical  shapes  the  maximum 
stable  length  is  *max  * 2ir[R^- (R^-Rs ) where 
R^  and  Rg  are  the  radii  of  the  large  and  small 
solid  end  members  respectively. 

(2)  The  maximum  stable  length  of  rotating  cylindrical 

liquid  zones  is  less  than  the  circumference  by 

o n — 1/2 

the  factor  n[l+pR  Q /o]  where  p is  the  density, 

n is  the  rotation  rate,  a is  the  surface  tension 
and  n is  an  integer  which  varies  with  the  unstable 
mode.  This  factor  has  been  theoretically  predicted 
for  axisymmetric  instabilities  of  uniformly  rotating 
cylindrical  zones.  However  in  the  simulation  model, 
the  liquid-liquid  interface  did  not  rotate  at  a 
uniform  angular  velocity  so  that  the  experimental 
results  varied  between  n * 1 for  short  zone  lengths 
and  n = 2 for  long  zone  lengths.  The  maximum  stable 
lengths  for  conical  and  spherical  zone  shapes  in 
this  simulation  model  were  also  measured. 

(3)  The  convective  flow  patterns  in  the  rotating  liquid 
zones  of  this  model  are  influenced  by  the  differential 
rotation  velocities  between  the  solid  end  members  and 
the  liquid-liquid  interface.  Under  these  conditions 

841 


j 


K 


and  the  constraints  of  the  Taylor-Proudman  theorem, 
three  basically  distinct  flow  regimes  were  identified 
and  velocities  measured  in  the  rotating  liquid  zone. 

These  studies  have  provided  the  basis  on  which  the  present 
Skylab  experiments  were  designed.  However  the  Plateau 
simulation  model  possesses  an  inherent  limitation  in  its 
ability  to  model  an  actual  liquid  floating  zone  in  zero- 
gravity  because  of  the  existence  of  an  outer  liquid  surrounding 
the  zone.  This  liquid  influences  the  rotational  and  vibrational 
instability  modes  of  the  zone  and  also  the  form  of  the  flow 
patterns  in  the  zone.  Consequently  important  similarities 
as  well  as  differences  are  expected  between  the  behavior  of 
the  two  systems.  Such  comparisons  would  make  further 
earth  simulation  experiments  more  meaningful. 

The  experiments  reported  in  this  paper  were 
carried  out  to  examine  the  stability  constraints  imposed  on 
the  liquid  zone  in  zero-gravity  so  that  crystal  growth  and 
purification  processing  methods  may  b?  developed  for  the 
preparation  of  reactive  materials  in  future  Space  Shuttle 
Laboratories . 

II.  EXPERIMENTAL  PROCEDURE 

The  floating  zones  were  deployed  in  the  arrangement 
shown  in  Fig.  1 using  water  as  the  liquid  for  most  experiments. 
The  apparatus  was  constructed  with  on-board  equipment  and 
consisted  of  socket  wrench  extension  rods  which  were  mounted 
in  four  camera  mounts  so  that  they  were  free  to  rotate 
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smoothly  and  could  be  positioned  axially.  The  ends  of 
the  socket  wrench  extensions  were  co  rered  with  7/8  Inch 
diameter  circular  aluminum  discs  by  means  of  double-coated 
masking  tape.  The  front  surfaces  of  the  discs  were  coated 
with  grey  tape  which  had  been  previously  treated  by  immersion 
in  acetone  so  as  to  reduce  the  contact  angle  with  water. 
During  the  course  of  the  experiments,  the  outer  edges  of  the 
discs  were  coated  with  Krytox  oil  to  prevent  capillary 
wetting  of  the  water  in  that  region. 

Rotation  of  the  zones  was  performed  manually  by 
first  winding  twine  around  the  socket  wrench  extensions  and 
then  withdrawing  at  a uniform  rate.  Equal  isorotaticns  and 
count e r-ro tat ions  were  obtained  by  attaching  the  twine  ends 
to  a pinch  bar  and  then  withdrawing  the  pinch  bar. 

The  liquid  zones  were  deployed  from  calibrated 
syringes  so  that  one-half  of  the  total  volume  required  for 
each  zone  length  was  placed  on  each  disc.  The  zone  volumes 
for  cylindrical  zones  of  constant  circular  cross-section 
are  shown  in  Table  1. 

Zone  Volume  (cm^)  Zone  Length  (in) 

6 5/8 

14  1-3/3 

20  2 

Table  1.  Zone  Dimensions  for  a Constant 
Diameter  of  7/8  inch. 
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The  zones  were  formed  by  moving  the  two  drops  together  and 
then  moving  the  discs  apart  to  the  specified  distances. 

The  theoretical  maximum  static  zone  length  for  a 7/8  inch 
diameter  is  2-3/1*  inch.  ' 

The  vibration  characteristics  of  the  floating 
zones  were  investigated  in  longitudinal  modes. 

The  effects  of  increased  viscosity  were  studied 
by  using  a foam  of  water,  soap  solution  and  air  which  was 
made  by  vigorous  shaking  of  the  mixture  in  the  syringe 
before  deployment. 

The  various  experiments  were  recorded  on  videotape 
with  a television  camera  fitted  with  a close-up  zoom  lens 
and  a viewing  monitor.  Measurements  were  subsequently 
made  on  a television  monitor  using  the  disc  diameter  and 
timing  markers  on  the  extension  rods  for  reference  purposes. 
The  total  frame  time  was  1/60  sec  while  the  three  primary 
colors  were  transmitted  sequentially  at  sampling  times  of 
1/20  sec  each.  Consequently  events  lasting  longer  than 
16  milliseconds  were  visible  and  could  be  studied  on  a 
frame  by  frame  basis. 

Ill  EXPERIMENTAL  RESULTS 

1 . Stability  of  a Static  Cylindrical  Zone 

The  maximum  stable  zone  length  recorded  was  2.90  in. 
and  was  thus  in  excess  of  the  theoretical  value  (equal  to  the 
circumference)  for  a right  circular  cylinder.  However  as 
can  be  seen  from  Fig.  2 the  zone  shape  has  changed  to  that 
of  an  undulold  with  a concomitant  enhancement  in  stability. 
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2.  Stability  of  Rotating  Zone3 


It  1 s necessary  to  have  some  idea  of  the  transient 
spin-up  time  required  for  the  liquid  zone  to  reach  steady- 
state  rotation  after  the  discs  have  started  to  rotate. 

1/2 

Momentum  la  transferred  to  the  liquid  at  a speed  of  [vfl] 
cm/sec  where  v is  the  kin.  matic  viscosity  and  Q is  tne 
rotation  rate.  Thus,  if  the  zone  length  is  l9  the  spin-up 
time  is  approximately: 

t ^ sec  (1) 

A number  of  observations  were  made  on  isorotated  zones  using 
air  bubbles  and  rotation  indicators.  These  results  were 
in  agreement  with  Eq . (1)  and  range  from  spin-up  times  of 

3 sec  for  the  5/8  inch  zone  to  20  sec  for  the  2 inch  zone 
at  rotation  rates  close  to  the  maximum  stable  values.  These 
times  correspond  to  about  20  revolutions  of  the  discs  for 
all  three  zone  lengths.  The  actual  times  over  which  the 
various  rotations  were  performed  ranged  from  5 to  15  sec 
so  that  the  shorter  zones  reached  steady  state  while  the 
longest  zones  did  not.  This  will  be  evident  in  the  rotational 
stability  results  to  be  presented  next. 

A typical  rotational  instability  is  shown  in 
Fig.  3 for  a 1-3/8  inch  zone  subjected  to  an  isorotation  of 
60  rpm.  It  can  be  seen  that  there  are  two  types  of  perturba- 
tions present;  the  axisymmetric  shape  perturbations  observed 
previously  in  the  Plateau  simulation  experiment s ^ ^ and 
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the  nonaxlsymmetrlc , C-shaped  mode  which  has  not  been  seen 
before.  The  radial  deflection,  AR,  of  the  zone  center  In 
the  C-mode  can  be  found  from  a simple  force  balance  to 
be  approximately 

AR  » — (2) 
pR£w 

where  o is  the-  surface  tension  of  water  (72  dynes/cm), 

o is  the  density  of  water,  £ is  the  zone  length  and  R is 

the  zone  radius.  The  C-mode  was  eliminated  by  increasing 

the  viscosity  of  the  zone  by  using  a soap  solution-air 

emulsion  made  by  vigorous  shaking  in  a syringe.  This  foam 

is  shown  in  Pig.  4 at  a rotation  rate  of  43  rpm  and  a zone 

length  of  1-3/8  inch.  This  axisymmetric  unstable  mode  is 

similar  to  that  observed  in  all  previous  Plateau  simulation 
( 1 *3  \ 4 \ 

experiments  * where  a highly  viscous  zone  contained 
the  zone.  It  should  be  noted  that  axial  misalignment  of 
the  two  end  discs  is  important  as  a source  of  shape 
perturbations  for  the  C-mode.  However  the  degree  of  align- 
ment was  the  same  in  the  simulation  as  in  the  Skylab  experi- 
ments since  both  were  fixed  "by  eye”.  Hence  the  viscosity 
of  the  liquid  zone  plays  an  important  role  in  determining 
which  shape  perturbations  will  become  unstable.  Such  a 
dependence  has  not  been  predicted  by  existing  theories^^-^^^ 
of  the  stability  of  rotating  viscous  liquid  cylindrical  zones. 

The  rotation  rate  data  are  compiled  in  Pig.  5 
for  various  zone  lengths.  Because  of  experimental  limitations, 
each  rotation  velocity  used  is  given  as  a data  point  which 
indicates  whether  the  zone  was  stable  or  unstable  so  that  t 
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true  point  of  instability  lies  in  between.  The  two  solid 

(IS 

curves  are  given  by  the  theoretical  instability  limits  for 

(a)  axlsymmetrlc  azimuthal  modes: 

i^/R  - 2u(l+pR3a2/o)'1/2  (3) 

(b)  nonaxisymmetric  planar  (C-)  modes: 

lmax/R  * 2ir(pR3n2/o)~1/2  (H) 

It  can  be  seen,  from  Fig.  5 that  the  isorotation  data  were 
in  good  agreement  with  case  (a)  despite  the  presence  of  the 
C-mode.  The  deviation  of  the  2 inch  zone  data  is  expected 
because  the  liquid  zones  rotation  rate  have  not  achieved 
steady-state  values.  The  data  for  single  and  counter- 
rotation experiments  appear  to  fit  case  (b)  more  closely. 

The  reasons  for  these  differences  are  not  understood  at 
present  and  sre  being  examined  further. 

The  Skylab  isorotation  data  shown  in  Fig.  5 are 
in  the  same  general  range  as  the  Plateau  simulation  data 
(see  Fig.  4 in  Ref.  ( 1 4 ) ) . Consequently,  despite  the 
different  boundary  conditions  on  the  zone  surface,  the 
stability  criteria  are  quite  similar  in  the  two  cases. 

3 • Vibration  Behavior  of  Liquid  Zones 

The  response  of  the  cylindrical  liquid  zone 
surface  to  longitudinal  vibrations  of  the  end  discs  is 
shown  in  Fig.  6 for  a 2 inch  zone.  The  standing  waves 
shown  in  Fig.  6 occurred  when  the  disc  oscillation  frequency 
coincided  with  a resonant  frequency  of  the  surface.  When 
standing  waves  were  produced,  there  was  no  transfer  of 
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liquid  from  one  wave  region  to  another  inside  the  zone. 

The  resonant  frequencies  of  such  capillary  waves  have 
been  determined  by  Lamb^^  to  be: 

f » [2vt\3o/Z 3p]1/?-  (5) 

These  frequencies  are  shown  as  solid  curves  in  Fig.  7 
together  with  the  experimental  observations.  It  can  be 
seen  that  agreement  with  theory  is  adequate  only  for  small 
zone  lengths  and  that  for  zones  longer  than  £ = irR,  the 
resonant  frequency  actually  increases  with  zone  length. 

The  reason  for  this  behavior  is  not  presently  understood 
but  it  may  be  associated  with  viscous  energy  dissipation 
effects  in  the  larger  zones. 

IV . IMPLICATIONS  FOR  THE  USE  OF  FLOATING  ZONES  IN 
SPACE  PROCESSING 

There  are  a number  of  requirements  imposed  upon 
the  shape  and  stability  of  liquid  floating  zones  for  use  in 
materials  processing.  rhe  most  important  considerations 
are  the  controls  required  for  the  unidirectional  freezing 
of  the  molten  liquid: 

(i)  the  zone  volume  and  meniscus  shape  at  the  interfaces 
must  be  held  constant  in  order  to  control  the 
dimensions  of  the  freezing  solid  as  well  as  to 
eliminate  uncontrolled  fluid  flow; 

(ii)  the  heater  position  and  t mperature  profiles  must 
produce  the  correct  solidification  interface  shape 
and  move  it  reproducibly  and  smoothly; 
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(ill)  the  -one  surface  must  be  stable  with  respect  to 
surface  tension  Instabilities  under  both  static 
and  rotating  conditions.  Spills  of  the  zone 
represent  a safety  hazard  which  must  be  considered; 
(iv)  the  composition  of  the  zone  may  require  control  by 
the  introduction  of  more  than  one  melting  solid 
into  the  zone  or  by  vapor-melt  mass  transfer. 

The  objectives  of  temperature  uniformity,  interface 
shape  control  and  liquid  zone  mixing  can  all  be  achieved 
through  the  use  of  differential  rotation  of  the  zone.  The 
rotation  conditions  for  surface  stability  may  be  estimated 

( iij ) 

from  Fig.  5 and  Eq . (3).  For  most  molten  materials, 

p/a  £ ^*10  J sec  cm  , so  that  when  the  zone  length  Is  of 

o 2 i 

the  order  of  1.6  ttR,  then  the  requirement  is  R < 1^0  cmJ  se 
In  any  event  the  C-mode  is  highly  undesirable  because  very 
low  rotation  rates  will  sustain  the  mode  once  it  is  initiated 
and  also  because  the  decay  rates  are  very  long  - of  the 
order  of  30  to  60  sec. 

The  vibration  behavior  of  floating  zones  requires 
that  frequencies  of  the  order  of  those  for  resonant  capillary 
waves  (1  to  10  Hz)  (Eq.  (5)  and  Fig.  7)  should  be  avoided. 
Although  transverse  and  torsional  vibration  modes  were  not 
investigated  here,  the  resonant  oscillation  frequencies  are 
of  the  same  order  of  magnitude.  Thus,  vibration  isolation 
over  the  range  1 to  10  Hz  would  probably  be  adequate  for  most 


conditions . 
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FIGURE  1.  SCHEMATIC  ILLUSTRATION  OF  THE  EXPERIMENTAL 
SET-UP  FOR  LIQUID  FLOATING  ZONE  STUDIES  ON 
SL-IV  (a1*  PERSPECTIVE  VIEW  OF  APPARATUS 
AND  CAMERA  ARRANGEMENT  (b)  DETAILS  SHOWING 
FLOATING  ZONE  POSITION  AND  ROTATION  CAPABILITY 


FIGURE  2.  UNDULOID  ZONE  SHAPE  CREATED  BY  EXTENSION  OF 
THE  ZONE  LENGTH  BEYOND  A VaLUE  EQUAL  TO  THE 
CIRCULAR  CIRCUMFERENCE . 


i 


FIGURE  3.  NONAXIAL  INSTABILITY  (C-MODE)  OF  A ROTATING 
LIQUID  ZONE  - ZONE  LENGTH  1-3/8  INCHES, 
ISOROTATTON  RATE  - 60  RPM. 
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FIGURE  4.  AXI SYMMETRIC  INSTABILITY  OF  A ROTATING  ZONE 

OF  FOAM  (AN  AIR-SOAP  SOLUTION  MIXTURE)  - ZONE 
LENGTH  1-3/8  INCHES,  ISOROTATION  RATE  43  RPM. 


FIGURE  5.  ROTATIONAL  STABILITY  DATA  FOR  VARIOUS 
ZONE  LENGTHS.  SOLID  CURVES  ARE  THE 
THEORETICAL  STABILITY  LIMITS  FOR  (a) 
AXISYMMETRIC  MODES,  (b)  NONAXIAL  MODES. 
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FIGURE  6.  VIBRATION  BEHAVIOR  OF  A 2-INCH  ZONE 

SUBJECTED  TO  LONGITUDINAL  OSCILLATIONS 
GF  THE  RIGHT-HAND  DISC  AT  A RESONANT 
FREQUENCY  OF  THE  SURFACE  CAPILLARY  WAVES. 


FIGURE  7.  RESONANT  FREQUENCIES  OF  VARIOUS  ZONE 
LENGTHS  SUBJECTED  TO  LONGITUDINAL 
OSCILLATIONS  OF  AN  END  DISC.  SOLID 
CURVES  ARE  THEORETICAL. 


y 


v 


? N74  2991 


LOW-GRAVITY  DISPERSION  OF  SOLIDS  IN  LIQUID  METALS 

By 

S.  Kaye  and  J.  Raat* 

General  Dynamics/Convair  Aerospace  Division 
San  Diego,  California  92112 


SUMMARY 

A number  of  space  processes,  particularly  the  preparation  of  various  types  of 
composite  materials,  involve  mixtvres  of  liquid  metals  and  solid  particles.  The  tut) 
predominant  problems  associated  with  the  attainment  of  such  mixtures  are  (1)  free 
dispersion  of  the  solids,  possible  only  if  they  are  perfectly  ’’wetted”  by  the  liquid,  and 
(2)  mixture  stability.  The  results  of  related  experimental  investigations  and  theoreti- 
cal studies  are  the  subject  of  the  present  paper. 

The  investigations  of  the  wetting  characteristics  are  based  on  a new  approach, 
which  recognizes  that  the  conventional  concept  of  wetting  is  valid  only  in  a three-phase 
system  (solid-liquid-gas)  and  which  postulates  that  most  gas-free  two-phase  systems 
(solid-liquid)  exhibit  perfect  wetting.  Initial  experiments  indicated  that  a high-vacuum 
environment  (readily  available  in  space)  is  not  sufficient  for  the  removal  of  the  gases 
adhering  to  the  solid  and  liquid  surfaces.  It  was  further  found  that  the  removal  of 
adsorbed  gases  is  enhanced  by  thermal  surface  agitation.  This  led  to  the  development 
of  a new  processing  technique  capable  of  a complete  removal  of  gases  and  other  con- 
taminants from  the  material  surfaces,  thus  generating  the  conditions  for  wetting  and 
dispersion  in  commonly  non-wotting  materials.  The  essential  features  (processing 
elements)  of  the  technique  are  (1)  a high-vacuum  environment,  (2)  a thermal  cycle  to 
a temperature  substantially  above  the  melting  point  and  (3)  mechanical  agitation  of  the 
materials.  This  technique  can  be  considered  as  a significant  advance  in  liquid-state 
processing  for  space  as  well  as  terrestrial  applications. 

Furthermore,  an  investigation  is  made  of  gravit}'- induced  segregation  of  solid 
reinforcements  in  liquid  matrices  such  as  molten  metals  at  orbital  g-levels.  Using 
dimensional  arguments,  it  is  shown  that,  for  a given  shape  of  the  solid  reinforcements, 
all  segregation  results  can  be  correlated  in  terms  of  two  dimensionless  parameters: 
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the  Reynolds  number  and  a suitably  defined  segregation  number  (N),  which  consists 
of  known  quantities  only  and  includes  the  gravitational  acceleration  Thus,  corre- 
lation curves  for  different  reinforcement  shapes  can  be  developed  o.  the  bac»«  of  a 
limited  number  of  selective  segregation  experiments  on  earth,  using  transparent 
matrices.  These  curves  can  in  turn  be  used  to  predict  orbital  segregation  rates  in 
nontransparent  matrices  such  as  liquid  metals. 

i 

A number  of  segregation  experiments  were  carried  out  with  slender  cylindrical 
fibers.  The  results  indicated  that  (1)  during  segregation  the  fibers  assume  a stable 
horizontal  position  and  (2)  the  effect  of  the  free  end  faces  on  the  fiber  drag  becomes 
negligible  (so  that  the  fibers  behave  as  if  they  were  infinitely  long)  for  slenderness 
ratios  in  excess  of  at  least  20,  depending  on  N.  Values  of  N pertaining  to  orbital 
segregation  in  liquid  metals  might  require  slenderness  ratios  as  high  as  50  for  the 
fibers  to  be  regarded  as  infinitely  long.  For  those  cases  where  the  end  effects  are 
indeed  negligible,  a simple  correlation  formula  is  derived,  based  on  the  Lamb-Oseen 
expression  for  the  drag  of  infinite  cylinders.  This  formula  is  expected  to  yield  nearly 
exact  predictions  of  orbital  segregation  rates  for  sufficiently  slender  fibers.  The 
estimates  might  be  somewhat  conservative,  however,  for  fibers  with  slenderness 
ratios  much  less  than  50. 


Finally,  an  analysis  is  made  of  the  segregation  effect  of  the  centrifugal  force 
on  suspended  particles  in  a rotating  liquid.  Rotary  motions  may  be  anticipated  in  a 
number  of  orbital  mixing  processes.  In  order  to  arrive  at  quantitative  results,  the 
particles  are  considered  to  be  spherical  and  the  liquid  matrix  motion  is  represented 
by  a simple  solution  to  the  equations  of  motion  governing  the  time-dependent  rotary 
flow  in  an  infinite  circular  cylinder  at  rest.  Maximum  drifting  is  found  to  occur  at 
one-third  of  the  cylinder  radius.  A criterion  is  derived  at  which  particle  drifting  is 
unimportant  on  the  time  scale  of  decay  of  the  matrix  motion,  so  that  the  original 
dispersion  remains  essentially  undisturbed.  To  first  approximation,  the  results  are 
expected  to  remain  valid  for  suspended  solids  of  a more  general  shape.  In  particular, 
we  may  expect  the  drifting  criterion  to  be  useful  with  regard  to  fiber  dispersions 
as  well. 


INTRODUCTION 

The  stability  of  liquid-solid  mixtures  postulated  for  the  zero-gravity  environ- 
ment offers  the  potential  of  producing  composite  materials  by  liquid-state  processing, 
unfeasible  in  the  one-g  environment  because  even  small  density  differences  between 
the  component  materials  may  lead  to  rapid  segregation.  Liquid-state  processing  is 
of  particular  interest  for  metal-matrix  composites  since  medals  exhibit  an  abrupt 
transition  from  the  solid  to  the  liquid  state  at  the  melting  point.  The  absence  of  a 
softening  range  and  intermediate  viscosity  levels,  which  would  permit  a segregation- 
free  dispersion  of  solid  reinforcements,  limit  the  preparation  of  meUl-iu>e  com- 
posites on  earth  to  solid-state  techniques  with  a narrow  range  of  material  choices 
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and  product  characteristics.  Liquid-state  processing  offers  a wider  selection  of 
materials  and  processing  conditions,  resulting  in  a greater  variety  of  product  capa- 
bilities and  applications.  As  is  to  be  expected,  the  greater  number  of  variables  is 
associated  with  a greater  number  of  problems.  The  requirements  and  problems 
encountered  in  the  liquid-state  processing  of  composites  in  a low-gravity  environ- 
ment can  be  grouped  into  four  major  categories: 

i 

Material  Characteristics 

1.  Physical  material  properties 

2.  Chemical  compatibility 

Processing  Characteristics 

3.  Joining  (Wetting) 

4.  Dispersion  mechanics 

The  first  category  is  primarily  concerned  with  those  properties  of  matrix  and 
reinforcement  materials  which  determine  the  capability  of  the  end  product,  such  as 
strength.  It  represents  the  first  criterion  for  the  selection  of  the  component  materi- 
als for  a specific  composite.  The  assessment  of  the  individual  material  properties 
is  based  on  end-product  conditions,  integrating  all  potential  effects  of  the  thermal 
cycle  of  liquid  processing.  The  chemical  compatibility  (2)  refers  to  potential  re- 
actions between  matrix  and  reinforcement  materials  during  the  high-temperature 
cycle.  Chemical  reactivity  does  not  necessarily  eliminate  a pair  of  materials  because 
a controllable  interface  reaction  may  generate  a gradual  change  of  properties  and, 
consequently,  improved  interface  t>ond  strength.  In  both  cases,  the  evaluation  of 
materials  employs  established  theoretical  and  experimental  procedures  and  data.  In 
contrast,  the  remaining  two  categories  are  unique  to  liquid-state  processing  and  the 
zero-g  environment,  calling  for  the  development  of  new  theoretical  concepts  and 
processing  techniques. 

The  condition  of  free  mobility  of  the  solid  particles  in  the  liquid  exists  only  if 
the  solids  are  fully  wetted  by  the  liquid,  since  otherwise  the  solids  tend  to  agglomer- 
ate or  are  entirely  rejected  by  the  liquid.  Complete  wetting  is,  therefore,  mandatory 
for  liquid- state  processing  as  well  as  for  the  generation  of  a satisfactory  bond  between 
reinforcements  ami  matrix  upon  solidification.  Unfortunately,  practically  all  desirable 
reinforcement  materials,  such  as  oxides  and  carbides,  are  not  whetted  by  liquid  metals. 
Extensive  efforts  were,  therefore,  made  to  overcome  this  impasse.  Earlier  theo- 
retical and  experimental  work  led  to  the  conclusion  that  the  commonly  used 
concept  of  wetting,  in  which  the  wettability  is  expressed  by  the  contact  angle,  is  valid 
only  for  the  three-phase  (so)id-liquid-gas)  system;  it  was  further  postulated  that  in  a 
two-phase  (solid-liquid)  system  most  materials  are  mutually  wetting.  Experimental 
investigations  proved  the  correctness  of  this  concept.  The  prime  problem  in  its 
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practical  application  was  the  complete  elimination  of  the  gas  phase.  This  cannot  be 
achieved  solely  by  a high  vacuum  environment,  because  it  is  unable  to  remove 
completely  the  gases  and  other  contaminants  adhering  to  the  solid  surfaces.  The 
successful  development  of  a new  technique  for  the  establishment  of  clean  liquid  and 
solid  surface  conditions  and  for  the  achievement  of  wetting  of  commonly  non* wetting 
materials  is  discussed  in  the  section  on  immersion  of  fibers  in  liquid  metals. 

The  ideal  structure  of  the  concerned  composites  is  characterized  by  a uniform 
dispersion  of  reinforcements  in  the  matrix.  It  is,  therefore,  of  fundamental  im- 
portance to  define  the  conditions  necessary  for  the  achievement  of  a uniform  dispersion 
or,  more  accurately,  to  establish  relationships  and  data  for  the  quantitative  assess- 
ment of  the  effect  of  all  involved  variables  upon  the  behavior  of  the  liquid-solid  mixture. 
The  ultimate  objective  is  the  determination  of  the  maximum  g-levcl  at  which  a uniform 
dispersion  can  be  established  and  maintained  for  a given  set  of  variables  such  as 
density  difference  of  the  component  materials,  matrix  viscosity,  reinforcement  size, 
reinforcement  configuration  and  processing  time.  The  results  of  the  concerned  theo- 
retical studies  and  the  generation  of  data  for  the  quantitative  assessment  of  the 
segregation  ot  solids  are  the  subject  of  the  sections  on  gravity-induced  fiber  segrega- 
tion and  centrifugal  drifting. 
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IMMERSION  OF  FIBERS  IN  LIQUID  METALS 

This  section  describes  the  development  of  a new  technique  for  the  dispersion 
of  high-strength  reinforcements  in  metals  to  produce  composite  materials.  While 
developed  primarily  for  space  applications,  the  technique  holds  considerable  promise 
for  terrestrial  applications  as  well. 

Theoretical  Considerations.  Because  force  fields  extend  beyond  the  boundary 
surface  of  liquids  or  solids,  extraneous  matter  tends  to  become  attached  to  the  sur- 
face. Examples  are  the  attraction  of  gases  toward  solids  (adsorption)  or  liquids 
and  solids  toward  solids  (adhesion).  If  a solid  is  left  unprotected,  its  surface  usually 
becomes  quickly  coated  with  a film  of  gas  and  other  contaminants.  For  example, 
Giaever  [1]  simply  exposed  freshly  evaporated  aluminum  film  to  air  for  a few  minutes 
to  prepare  a 30  Angstrom  insulation  layer  so  as  to  obtain  the  necessary  insulated 
junction  device  in  his  investigations  of  tunneling  phenomena  in  superconductors. 

Although  any  quantitative  treatment  of  the  interfacial  forces  poses  consider- 
able difficulties,  a large  amount  of  empiricnl  information  has  been  developed. 

The  work  of  adhesion  of  a liquid  to  n solid  may  be  calculated  as  the  sum  of 
the  work  performed  in  generating  one  unit  area  of  liquid  surface  and  one  unit  area 
of  solid  surface  minus  the  original  liquid-solid  interface  energy  (Figure  1).  The 
result  may  be  expressed  by  Dupre’s  equation  (2), 


w - V + V - V r 

s i Tsv  yiv  ysi  (1) 

where  y f Y^  r and  are  the  surface  tensions  at  the  solid-vapor,  liquid-vapor  and 
sol  id-1  iefuid  interfaces,  respectively.  The  difference  y - y n can  in  many  cases 
be  expressed  in  measurable  quantities  by  considering  a'liquicf  clrop  resting  on  the 
solid  (Figure  2).  According  to  Y'oung  [3],  the  equilibrium  of  the  forces  acting  at 
the  drop  periphery  requires  that, 


Y “ Y „ + Y„  cos  G 
sv  si  £v 


Eliminating  the  immeasurable  quantities  y and  v from  Eqs.  (1)  and  (2)  we  find, 

sv  si 


w , « y „ (1  + cos  9)  < 2 v 
si  £v  y£v 


(3) 
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The  quantity  2-y  may  be  set  equal  to  the  work  of  liquid  cohesion  w (Figure  3). 
Thus,  Eq.  (3)  s^ows  that  the  contact  angle  9 is  determined  by  the  relative  magni- 
tudes of  adhesion  of  the  liquid  to  the  solid  (w  ) and  cohesion  of  the  liquid  to  itself 

(w  ).  The  condition  for  spreading  of  the  liquid  on  the  solid  (0  = 0)  may  then  be  ex- 
Li 

pressed  as. 


w 


si 


- w 


it 


2:  0 


(4) 


the  difference  on  the  left-hand  side  being  sometimes  referred  to  as  the  spreading 
coefficient  of  the  liquid  on  the  solid. 

Apart  from  the  difficulties  involved  in  measuring  contact  angles,  the  foregoing 
relations  are  strictly  valid  for  clean  solid  surfaces  and  uncontaminated  liquids.  These 
conditions  rarely,  if  ever,  prevail  on  earth.  For  instance,  when  the  pure  solid- 
vapor  interface,  shown  in  Figure  1,  adsorbs  a contaminant,  its  surface  energy  is 
lowered  such  that, 


Y = Y 
sv  so 


where  v is  the  surface  energy  of  the  pure  solid  and  v is  the  spreading  energy  of 
so  * c 

the  contaminant.  It  is  evident  from  Eqs.  (1)  and  (4)  that  by  lowering  w . , the  con- 
taminant tends  to  prevent  spreading  of  the  liquid  on  the  solid.  + Sufficiently  high 

values  of  y will  invalidate  inequality  (4)  or  even  cause  dewetting, 
c 

It  is  of  interest  to  note  that  the  meniscus  of  mercury  in  a glass  container  can 
be  changed  from  convex  to  convave  through  extended  boiling  [31,  baking  out  [4]  or 
prolonged  electrical  discharge  [5],  Langmuir  [6]  showed  that  a one-molecule  thick 
layer  of  a fatty  substance  on  a glass  plate  is  sufficient  to  change  the  contact  angle  of 
water  on  the  plate. 

A freshly  produced  surface  or  an  ideally  clean  surface  in  vacuum  is  actually 
chemically  and/or  physically  reactive  to  a high  degree  because  it  tends  to  lower  its 
surface  energy  by  adsorbing  gases  or  vapors  that  satisfy  the  structure  or  force 
field.  Adsorption  is  mono-molecular  up  to  a vapor  pressure  of  about  one-fifth  the 
saturated  vapor  pressure  [7],  the  adsorption  layer  becoming  increasingly  thick  as  the 
satura ted  vapor  pressure  is  approached. 

The  free  surface  energy  of  solids  ranges  from  several  hundred  to  a few 
thousand  ergs  per  enr  [S]  as  shown  in  Table  I. 

+ With  regard  to  contaminants,  the  operations  of  the  wetting  technique  discussed  be- 
low, justify  the  assumption  of  an  unchanging  value  for 
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Table  I. 


. Free  Surface  Energj’  of  Solids  in  Vacuum 


Material  

Mica 

Glass 

Titanium  Carbide  (1100°  C) 
Alumina,  AI2O3  (1-2000°  C) 
Lime,  CaO  (0°K) 

Silver 

Sodium 

Sodium  Chloride 
Potassium  Cliloride 
Sodium  Bromide 


V (ergs/cm  ) 

SO  


24  -54  00 
1210 
1200 

7-1100 

650-1000 

800 

170 

150-190 

160-175 

113-175 


Generally  the  higher  melting,  harder  materials  (which  also  tend  to  have  a greater 
modulus  of  elasticity)  possess  the  highest  free  surface  energies.  These  are  the 
kinds  of  materials  which  provide  reinforcement  properties  for  weaker  and  softer 
metals  or  alloys.  It  was  worthwhile  therefore  to  attempt  to  produce  such  reinforced 
metals  by  exploiting  the  surface  energy  phenomena  discussed  in  the  preceding  para- 
graphs. Specifically,  the  proposed  wetting  technique  involves  uncontaminated  re- 
inforcement materials  with  a high  free  surface  energy,  so  that  inequality  (4)  is 
satisfied. 

Experimental  Materials.  The  criteria  for  selecting  the  matrix  metal  were 
as  follows: 

1.  Suitable  melting  temperature 

2.  Good  wetting  characteristics 

3.  Availability 

4.  Cost 

5.  Practicality 

Earlier  experiments  such  as  those  prepared  for  Apollo  14  ompU  , c-d  a matrix  of  a 
low  melting  alloy  (In-Hi)  because  it  possessed  a convenient  melting  temperature. 
Iron,  nickel  or  copper  metal  and  alloys  have  a melting  temperature  which  is  rather 
high  for  convenient  laboratory  manipulation.  A satisfactory  compromise  therefore 
was  aluminum  and  its  alloys.  These  are  in  common  use,  have  an  elevated  but  not 
excessive  melting  point  and  are  inexpensive.  The  properties  of  aluminum  and  its 
alloys  are  well  known.  This  feature  is  valuable  for  comparative  measurements. 
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The  criteria  for  the  selection  of  reinforcements  were: 


1.  Suitable  physical  properties 

2.  Minimum  degradation  effects 

3.  Availability 

4.  Cost 

Filaments,  whiskers,  chopped  wires  and  particles  were  considered.  The  materials, 
which  will  be  described  here  are  pyrolytic  graphite  fibers  (3  mm  long),  derived  from 
Korean  wool,  Saphikon  chopped  sapphire  fibers,  alumina  particles,  chopped  silicon 
carbide  filaments  and  chopped  tungsten  wire.  Other  materials  were  considered, 
tested  or  rejected  for  various  reasons  such  as  availability,  compatibility,  cost,  re- 
activity, density,  molting  point,  etc.  Crucibles  used  in  the  preparation  were  made 
of  vitreous  carbon. 

Apparatus.  The  apparatus  is  shown  in  Figure  4.  The  configuration  permits 
the  immersion  of  the  various  reinforcements  in  the  aluminum  matrix  in  a high  vacuum. 
The  components  are  a heat-resistant  quartz  or  Vycor  vacuum  chamber  located  in  the 
center  of  an  induction  heating  coil.  The  aluminum  matrix  metal  in  the  form  of  cut 
wire  or  sawn  pieces  of  ingot  were  placed  together  with  the  chopped  reinforcement 
material  into  a vitreous  carbon  crucible,  which  also  served  as  a susceptor.  Agita- 
tion was  achieved  with  a manual  stirrer  of  tungsten  wire  in  a vacuum  feed-through 
fitting.  Sample  temperatures  were  measured  with  an  optical  pyrometer  by  viewing 
directly  through  the  quartz  or  Vycor  tube.  Pressures  were  monitored  by  a suitable 
vacuum  gage.  An  additional  argon  supply  system  further  provided  for  pre-vacuum 
flushing  and  for  the  establishment  of  an  inert  atmosphere,  if  desired. 

Experimental  Procedure.  The  following  steps  were  carried  out  to  obtain  the 
reinforced  metal  matrix: 

1.  Cutting  the  reinforcements  to  size  (L/D  > 10). 

2.  Cutting  the  aluminrm  matrix  to  size  from  wire  or  ingots. 

3.  Cleaning  the  materials  in  solvent  and  acid. 

4.  Placing  the  combined  metal  and  reinforcements  in  a vitreous  carbon 
crucible  and  inserting  it  into  the  vacuum  apparatus. 

5.  Exchanging  the  inner  atmosphere  of  air  with  argon  by  evacuating  and 
purging  to  atmospheric  pressure  three  or  more  times. 
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6.  Evacuating  to  a pressure  of  10  to  10  mm  Hg  for  1/2  to  3 hours. 

7.  Heating  to  the  melting  point  of  aluminum  and  stirring  at  rising  tem- 

perature until  immersion  occurs. 

8.  Cooling  in  the  inert  atmosphere. 

9.  Sectioning  and  evaluating  the  product. 

Discussion  and  Results,  The  goal  in  developing  the  procedure  was  to  achieve 
a pure  two-phase  sj’stem  with  no  interfacial  contaminants  from  either  the  metal  or 
the  reinforcements.  This  was  accomplished  by  using  all  of  the  following  techniques: 

1.  Cleaning  metal  matrix  and  reinforcements. 

2.  Substituting  argon  for  air. 

3.  Evacuating  to  low  pressure. 

4.  Sputtering  contaminants  from  the  surface  in  a glow  discharge. 

r„  tt  — 4.t~~ 

O , iicauag 

6.  Stirring 

The  first  step  is  not  required  for  bulk  material  and  macroscopic  reinforcements 
because  the  total  surface  to  volume  ratio  is  small;  the  contaminants  are  easily 
removed  by  the  subsequent  steps  in  the  procedure. 

Argon,  an  inert  gas,  is  less  readily  adsorbed  than  oxygen  on  most  surfaces. 
Also,  any  oxygen  present  reacts  with  the  aluminum  matrix  or  some  of  the  rein- 
forcements to  produce  a troublesome  amount  of  an  extra  phase. 

Low  pressure  is  necessary  to  reduce  the  equilibrium  amount  of  material  ad- 
sorbed on  the  material  surfaces.  The  lower  the  pressure,  the  less  adsorption  occurs. 
Thrs  is  also  true  for  chemisorption  at  aluminum  and  carbon  surfaces  at  higher  tem- 
peratures. 

Maintaining  the  system  for  a period  of  time  in  a glow  discharge,  subjects 
the  surfaces  to  ion  and  electron  bombardment.  This  causes  a detachment  of  many 
adsorbed  materials  from  the  surface. 

All  physical  adsorption  decreases  with  temperature.  Many  oxides  also  de- 
compose at  elevated  temperatures.  Organic  materials  decompose  and  volatilize 
with  other  materials  of  low  vapor  pressure. 
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Heat  melts  the  aluminum,  increases  its  mobility,  lowers  the  surface  tension 
and  viscosity  and  thus  provides  conditions  allowing  the  metal  to  sui  round  and  adhere 
to  the  clean  surface  of  the  reinforcements. 

Stirring  is  necessary  to  break  up  the  contaminants  and  scrub  them  from  the 
surfaces.  It  also  produces  intimate  contact  between  the  liquid  metal  and  the  re- 
inforcements. Disturbing  the  surface  of  the  metal  disrupts  the  orientation  of  atoms  . 
at  the  liquid  surface,  which  may  form  a network  strong  enough  to  prevent  any  metal 
evaporation.  Observation  shows  that  w’etting  and  immersion  of  the  reinforcements 
proceeds  rapidly  only  when  vapors  of  aluminum  arc  deposited  on  the  wfall  of  the 
vacuum  chamber.  Observations  show'  also  that  after  wetting  takes  place,  there 
sometimes  appears  a film  of  oxide  crystals  floating  on  the  aluminum.  These  crys- 
tals gradually  disappear.  It  is  not  certain  whether  they  decompose  or  are  w'etted 
and  become  immersed  in  the  melt.  The  distinction  between  AI0O3  and  A1  by 
scanning  electron  microscope  techniques  is  still  under  study. 

Photomici ographs  of  sections  of  the  products  obtained  are  shown  in  Figures 
5 through  9. 

The  aluminum-tungsten  composite  (Figure  5)  shows  excellent  w'etting  and 
dispersion.  Part  ot  tne  material  is  produced  by  dissolution  of  the  stirrer  and  the 
remainder  has  reacted  completely  with  the  aluminum  matrix  because  of  the  pro- 
longed immersion  and  overheating.  The  nature  ot  a reaction  zone  is  shown  in 
Figure  6.  Yakowitz*  at  the  National  Bureau  of  Standards  has  also  analyzed  these 
samples  and  provided  additional  descriptions  of  the  reaction  zones. 

The  needles,  which  appear  in  all  the  photographs,  are  tungsten  whiskers 
with  an  aspect  ratio  of  30,  resulting  from  the  tungsten  stirrer.  This  may  imply  a 
useful  method  for  the  preparation  of  aluminum-tungsten  wiiisker  composites. 

Excellent  wotting  and  dispersion  was  also  obtained  in  the  aluminum-sapphire 
composite  (Figure  7).  It  should  be  noted  that  a drop  of  aluminum  on  sapphire  usual- 
ly shows  not  only  a positive  contact  angle  but  one  exceeding  90  degrees  (i.e.,  no 
wetting).  The  harder  polished  sapphire  is  elevated  over  the  softer  aluminum  in  this 
metallurgical  section.  According  to  evaluation  by  NB5*,  the  interface  of  the  specimen 
is  excellent  ard  the  grain  boundaries  are  clean  at  magnifications  to  10,000x. 

Wetting  and  dispersion  wore  also  achieved  with  alumina  particles  of  15  and 
120  microns  average  diameter.  The  dispersion  of  smaller  particles  wras  not  yet 
successful  due  to  the  large  surface  area  and  the  large  amount  of  adsorbed/trapped 
gases. 


*pri\  ate  communication 


Figure  8 shows  the  cross  section  of  the  aluminum-silicon  carbide  composite. 
Good  dispersion  and  wetting  is  evident.  However,  a closer  analysis  showed  exten- 
sive reaction  zones.  The  tungsten  present  seemed  to  have  a strong  affinity  for  the 
silicon  carbide.  There  is  also  some  as  yet  unidentified  material  in  the  matrix  grain 
boundaries. 

, i 

i : 

Figure  9 shows  the  aluminum-graphite  specimen.  While  wotting  is  obtained 
(as  also  evidenced  by  the  wetting  of  the  carbon  crucible),  there  was  extensive  re- 
action between  the  fibers  and  the  aluminum.  This  may  be  a characteristic  of  the 
particular  carbon  material  used  since  there  was  no  evidence  of  reaction  with  the 
carbon  crucible  even  after  extensive  heating  periods. 

From  the  results  presented,  it  is  evident  that  precast  reinforced  metal 
composites  can  be  made  for  space  experiments.  This  ma\  lead  to  the  space  pro- 
cessing of  materials  containing  reinforcements  capable  of  providing  new  and  un- 
usual properties.  The  preparation  of  the  final  materials  at  orbital  g-levels  would 
then  consist  of  rcmelting  the  pre-casts,  followed  by  agitation  to  obtain  uniform 
dispersions  (guided  by  the  criteria  discussed  in  the  sections  below.) 

Because  the  developed  process  involves  phenomena  of  a fundamental  nature, 

It  should  be  applicable  to  a wide  range  of  composite  materials,  limited  only  by  the 
compatibility  of  the  reinforcements  with  the  high  processing  temperatures. 
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GRAVITY-INDUCED  FIBER  SEGREGATION 


Calculation  of  the  fluid-dynamical  drag  of  a particle  (of  arbitrary  shape)  in 
uniform  motion  through  a liquid  involves  the  following  relevant  dimensional  quanti- 
ties: particle  drag  (F)f  liquid  density  (p^),  liquid  dynamic  viscosity  (u),  particle 
velocity  (U),  and  a characteristic  dimension  of  the  particle  <D)#  Application  of 
dimensional  analysis  (Buckingham’s  pi-theorem)  shows  that  the  relationship  between 
the  foregoing  five  dimensional  quantities  can  be  expressed  in  terms  of  two  dimension- 
less groups. 


— ~ — = function  (Re)  (5) 

pzu  D 

where  Re  - UD/ v is  the  Reynolds  number  of  the  motion  ( v -u/p^  being  the  liquid 
kinematic  viscosity). 

If  the  motion  is  due  to  gravity,  the  particle  segregation  velocity  is  determined 
by  the  exact  balance  between  the  drag  F and  the  difference  between  particle  weight 
and  buoyancy  force,  so  that, 


F cc 


(ps  ~Pl}  gD 


(6) 


where  is  the  particle  material  density  and  g is  the  gravitational  acceleration, 
Eliminafing  F from  Eqs.  (5)  and  (6),  we  find, 


(ps-pi)gD 


p*u 


- function  (Re) 


or  multiplying  both  sides  by  Re  , 


P 

s 


- P, 


P 


i 


= function  (Re) 


(7) 


We  define  the  following  segregation  number,  which  consists  of  known  quantities  only, 
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It  then  follows  from  Eq.  (7)  for  the  Reynolds  number  (which  contains  the  unknown 
segregation  velocity  U)  that, 


Re  = function  (N>  (9) 

Eq.  (9)  expresses  a similarity  law,  which,  for  a given  particle  slmpe,  permits  cor- 
relation of  ail  experimental  segregation  results  in  terms  of  the  two  parameters  He 
and  N only.  Correlation  curves  for  different  particle  shapes  can  be  developed  on 
the  basis  of  a limited  number  of  selective  segregation  experiments  on  earth,  using 
transparent  liquids.  These  correlation  curves  can  then  be  used  to  predict  low -gravity 
(orbital)  segregation  in  non-transparent  matrices  such  as  molten  metals. 

A number  of  1-g  segregation  experiments  were  carried  out  with  cylindrical 
fibers  of  various  materials,  diameters  and  lengths  in  different  liquids  (9).  The  fiber 
diameter  varied  between  125  and  625  microns;  the  slenderness  (length-to-diameter) 
ratio  ranged  from  5 to  100;  and  the  liquid  dynamic  viscosity  varied  between  1 and  110 
times  the  value  for  water.  Each  fiber  was  released  in  a horizontal  position  just  be- 
low the  surface  of  the  liquid.  The  location  of  the  fiber  as  it  was  falling  was  recorded 
on  16mm  motion  picture  film.  The  films  were  evaluated  in  a data  analyzer  and  the 
measurements  of  location  and  elapsed  time  tabulated.  From  these  data  the  fiber 
velocities  were  determined.  The  fiber  position  remained  horizontal  during  the  motion 
through  the  liquid.  After  any  initial  inclination  from  the  horizontal,  the  fibers  were 
observed  to  assume  their  stable  horizontal  position  during  the  subsequent  motion. 

For  slenderness  ratios  greater  than  approximately  20,  and  N on  the  order  of 
0.1  to  100,  the  segregation  velocity  was  generally  found  to  be  independent  of  the 
slenderness  ratio.  In  that  case  the  effect  of  the  free  end  faces  on  the  drag  becomes 
negligible  so  that  the  cylinders  behave  as  if  they  were  infinitely  long.  However,  in 
the  experiments  with  highly  viscous  liquids,  involving  segregation  numbers  on  the 
order  of  0.  001  to  0.  01  (which  are  more  characteristic  of  orbital  segregation), 
slenderness  ratios  as  high  as  50  were  required  for  the  segregation  velocity  to  become 
independent  of  the  slenderness  ratio.  Figure  10  shows  typical  results  in  the  form  of 
segregation  velocity  versus  slenderness  ratio. 

As  long  as  end  effects  are  negligible  and  the  Reynolds  number  is  small,  the 
drag  force  per  unit  length  of  the  cylinder  can  be  calculated  from  the  Lamb-Oscen 
formula  [10], 
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Re£n(7.4/Re) 


(10) 
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P U D 


Eq.  (10)  becomes  exact  as  Re-*o  and  yields  accurate  drag  results  up  to  Re  « 1. 

The  difference  between  cylinder  weight  and  buoyancy  force  per  unit  length  of 
the  cylinder  is, 


F 


(Ps-0t)g 


(11) 


Eliminating  F from  £qs.  (10)  and  (11),  we  find, 


N = 


1G  Re 

In  (7.  4 /Re  ) 


(12) 


where  N is  the  segregation  number  defined  in  Eq.  (8),  based  on  the  cylinder  diameter. 
Eq,  (12)  is  plotted  in  Fig.  11  for  a range  of  values  of  N that  includes  orbital  segrega- 
tion and  is  expected  to  yield  nearly  exact  predictions  up  to  10  (Re  ~ 1)  for  very 
slender  fibers.  A simple  correlation  of  the  experimental  data  listed  in  Table  II  C3n 
be  obtained  as  follows.  Experimental  drag  data  [11]  for  very  slender  circular  cylinders 
indicate  that,  within  the  range  0, 1 < Re  < 30,  we  may  write,  with  good  approximation. 


log 


- 0.  6 log  (Re)  + 1.  1 


or. 


F = 6.  3 p U2D  (Re)~0,  6 


(13) 


Eliminating  F from  Eqs.  (11)  and  (13),  we  find, 
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Table  IL  Correlation  of  Fiber  Segregation  Velocities  in  Terms  of 
Reynolds  Number  (Re)  and  Segregation  Number  (N) 


Fiber 

Boron 

Copper 

Tungsten 

Nylon 

Boron 

Copper 

Tunrrstrn 


p 

s 

PS-P* 

P£ 

U 

(cm/sec> 
L/D£  20 

Re 

N 

i 
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2.67 
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00 

1.4 
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7.32 

7.6 

<\o 

52.  8 

19,  3 

17.1 

10 

7.2 

103 

Water  + 
757o 

Glycerine 

0 = 1.2 

1 

P.  ~ 2 7.5 

Fluorolube 


=1.3  Tungsten  19.3  i 13.9  2.6  0.  116 

u = 37 



All  fibers  have  a diameter  of  0.  125  mm,  except  nylon  0.250  mm. 

The  liquid  density  c , solid  density  P , and  liquid  dynamic  viscosity  u are 
relative  to  water. 


Copper 

Tungsten 


Tungsten 


0.  122 

0.177 


0. 116 


Re  * 0.23  N 


(14) 
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Eq.  (14)  is  plotted  in  Fig.  12  and  compared  with  the  experimentally  determined 
segregation  rates.  The  agreement  is  generally  satisfactory,  the  discrepancies  being 
at  least  partly  due  to  inaccuracies  in  the  viscosity  data. 

In  actual  space  processes  aimed  at  producing  reinforced  metals,  the  fibers 
may  be  expected  to  have  a diameter  on  the  order  of  100  microns,  i.  e. , roughly  the 
same  size  as  investigated  in  the  present  study  (reinforced  metals  for  more  delicate 
applications  might  require  the  use  of  whiskers  with  a diameter  roughly  10  times 
smaller).  The  viscosities  of  liquid  metals  being  within  the  range  of  viscosities  of 
the  simulation  matrices,  the  principal  difference  in  the  numerical  value  of  the 
segregation  number  N between  earth-bound  and  orbital  processes  is  due  to  a re- 
duction of  g down  to  orbital  levels  (e.  g.  10"“*  times  the  terrestrial  value).  The 
practical  interest  would  probably  be  primarily  in  fibers  with  slenderness  ratio 
roughly  between  10  and  50.  Thus,  the  prediction  of  orbital  segregation  rates  accord- 
ing to  Eq,  (12)  might  be  somewhat  conservative  due  to  the  effect  of  the  free  end  faces 
(which  would  augment  the  fiber  drag  and  therefore  decrease  the  segregation  rate), 
particularly  for  the  shorter  fibers, 

CENTRIFUGAL  DRIFTING 

In  this  section  we  study  the  effect  of  the  centrifugal  force  on  suspended  par- 
ticles in  a rotating  fluid.  Segregation  will  occur  whenever  there  exists  a difference 
in  material  density  between  the  particles  and  the  fluid  (gravity  being  assumed  absent). 

For  the  sake  of  simplicity  we  assume  the  particles  to  be  spherical.  Particle 
concentration,  size  and  relative  velocity  arc  considered  to  be  sufficiently  small  so 
that  we  may  assume  that  the  basic  fluid  motion  remains  essentially  unaffected  by  the 
presence  of  the  particles. 

For  the  basic  fluid  motion  we  consider  the  time-dependent  rotary  motion  of  a 
viscous  incompressible  fluid  contained  in  an  infinite  circular  cylinder  at  rest.  It  is  fur- 
thermore assumed  that  the  fluid  motion  remains  confined  to  planes  peroendicular  to 
the  cylinder  axis.  Under  these  conditions  the  fluid  velocity  will  be  tangential  and 
constant  along  concentric  circles  about  the  axis,  i.  e.  , q = q(r,t),  where  r and  t are 
the  radial  distance  and  time,  respective^.  It  can  be  shown  [10]  that  the  equa- 
tion of  motion  in  tangential  direction  is  satisfied  by  elementary  solutions  of  the 
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form* 


(15) 


2 2 

q_(r,  t)  = A exp  (-a  yt/a  ) J (a  r/a) 
u n a in 

where  n =*  1,2,3.....  and  J is  the  Bessel  function  of  the  first  kind  of  order  unity; 
then’s  are  the  zeros  of  (the  first  three  zeros  being  at  = 3.  83,  ot0  - 7.  02, 

at ^ - 10.2).  In  the  present  problem,  we  choose  the  first  mode  (Fig.  13)  as  a rep- 
resentative basic  fluid  motion,  i.  e. 


2 2 

q(r,t)  = q exp  (-a  t^t/a  ) 
m 1 


J^^r/a) 


(1G) 


where  q is  the  maximum  initial  fluid  velocity,  located  at  r/a  - 0.4  7, 
m 

If  we  define  the  relaxation  time  T of  the  lhud  motion  (somewhat  arbitrarily) 
as  the  time  inquired  for  the  velocity  distribution  to  drop  off  to  10  percent  of  its 
initial  level,  we  find,  fimn  Eq.  (10), 


2 2 

exp  (-a?  v T/  a~)  = 0.  1 


(17) 


so  that,  substituting^ 


1 


3,  83, 


T - 0.  16  a /v 


(IS) 


In  fact,  the  first  mode  in  Eq.  (13)  exhibits  the  slowest  decay  (the  coefficient  in 
Eq.  (IS)  being  0.  047  and  0.  022  for  the  second  and  third  mode,  respectively). 


^General  solutions,  satisfying  arbitrary  initial  conditions,  are  obtained  through 
lhicar  superposition  of  the  elementary  solutions  with  the  coefficients  A set  equal 
to  those  of  the  Fou rier-Bcssel  expansion  of  the  initial  velocity  distribution. 
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The  centrifugal  force  on  a particle  is  Fj  = mq~/r  where  m is  the  particle 
mass.  The  particle  also  exjwriences  a Coriolis  force  of  magnitude  Ft>  - 2ml’q/r» 
where  U is  the  velocity  of  the  particle  relative  to  the  fluid  ( Ft>  and  U,  Going  perpen- 
dicular to  each  other,  arc  both  lying  in  a plane  normal  to  the~axis  of  rotation).  How- 
ever, F0/F  — V/q  so  that  the  Coriolis  force  may  be  disregarded  in  view  of  our 
assumption  Ihat  the  relative  motion  is  slight  compared  to  the  basic  motion.  It  is  not 
difficult  to  show  that  the  particle  inertia  effect  due  to  the  spatial  variation  of  the 
angular  velocity  of  the  fluid  (about  the  axis  of  rotation)  may  then  also  be  neglected. 
Furthermore,  the  particle  inertia  force  due  to  the  temporal  variation  of  angular 
velocity  will  be  small  compared  to  the  centrifugal  force  if  the  time  required  for  one 
rotation  is  small  compared  to  the  relaxation  time  of  the  fluid. 

Thus  the  principal  driving  force  is  the  centrifugal  force  and  the  motion  of  the 
particle  will  bo  essentially  radial.  In  the  following  we  assume  that  the  relative  motion 
mry,  with  good  approximation,  bo  treated  in  quasi-steady  fashion  with  the  viscous 
resistance  set  equal  to  the  instantaneous  value  of  the  Stokes  solution  for  a sphere 
f 1 0] : G~..  t‘Hf  where  R is  the  radius  of  the  sphere.  The  use  of  the  Stokes  formula  is 
permitted  as  long  as  the  Reynolds  number  of  the  relative  motion  l'R/p  is  smaller 
than  approximately  unity. 

The  pressure  gradient  in  the  fluid  is  such  that  it  precisely  balances  the  cen- 
trifugal force  experienced  by  the  fluid  particles.  Because  the  suspended  sphere  is 
assumed  to  bo  small  compared  to  the  cylinder  radius,  the  outward  force  on  the 
particle  due  the  combined  action  of  pressure  gradient  and  centrifugal  effect  may  be 
written  as 
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where  o and  o9  are  the  material  densities  of  the  sphere  and  the  liquid  rcspcctivelv: 

S 

q and  r are  ’Bocal”  quantities  (taken  at  the  center  of  the  sphere). 

According  to  our  quasi -steady  treatment  this  outward  force  is  at  all  times 
balanced  bv  the  viscous  Stokes  drag,  which  gives  the  following  result  for  the  instan- 
t.a nr  a-  rrl  itivc  velocity  of  the  sphere 
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where  q is  given  by  Eq.  (16).  In  order  to  simplify  the  subsequent  calculations,  the 
radial  velocity  distribution  may,  with  sufficient  accuracy,  be  approximated  by  a 
parabola>  1.  e. 


J (a  r/a) 

1 _ 7-  ~ 4 - (i-  - ) 

‘V°ir//a  a a 


(20) 


Using  this  approximation,  substitution  of  Eq.  (16)  into  Eq.  (19)  yields  the  following 
differential  equation  for  the  radial  position  of  the  particle. 


~r  = 0. 12  £ z(l-z)2  e"T  (21) 

dr 


where 
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Eq.  (21)  can  be  solved  exactly  through  separation  of  the  variables.  However,  for  the 
present  purposes  it  suffices  to  consider  only  a slight  drifting,  in  which  case  Eq,  (21) 
may,  in  the  immediate  vicinity  of  the  original  particle  position  be  simplified  as 
follows: 
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with  solution, 
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Eq.  (22)  gives  the  particle  drift  as  a function  of  original  position  and  time.  The 
function  f (z  ) =*  z (1-z  )“  is  sketched  in  Fig.  14.  Maximum  drifting  occurs  at 
= 1/3  (one-thirtl  of  ?he  cylinder  radius)  with  f(l/3)  = 4/27.  Eq.  (22)  then  gives, 


(z-z  ) = 0.018  0 (l-e"T) 

o max 


(23) 


The  importance  of  particle  drifting  on  the  time  scale  of  decay  of  the  basic  fluid 
motion  can  now  be  evaluated  through  substitution  of  the  relaxation  time  T into 
Eq.  (23).  Thus,  according  to  Eq.  (17)  and  the  definition  of  r,  exp  (-  t)  - 0.  01,  so 
that, 


[z  (T)  - z ] 

o max 


= 0.018/3 


(24) 


The  right-hand  side  of  Eq.  (24)  must  be  small  compared  to  unity  for  particle  drift- 
ing to  be  unimportant.  Otherwise,  particle  dispersions  will  certainly  be  nonuniform 
with  a pronounced  concentration  near  the  container  wall.  If  we  consider  disper- 
sions with  nonuniformities  in  the  amount  of  a few  percent  of  the  cylinder  radius 
acceptable,  then,  on  the  basis  of  Eq.  (24),  we  are  led  to  the  criterion, 


0 


1 


for  particle  drifting  to  be  negligible.  Note  that  this  criterion  is  independent  of  the 
size  of  the  container,  q R/v  being  simply  the  maximum  initial  particle  Reynolds 
number.  Furthermore,  although  the  foregoing  conclusions  were  derived  for  spherical 
particles,  to  first  approximation  they  are  expected  to  remain  valid  for  particles  of  a 
more  general  shape.  For  instance,  we  may  expect  the  drifting  criterion  to  be  useful 
with  regard  to  fiber  d’spersions  as  well. 
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CONCLUSION 


For  the  successful  preparation  of  composite  materials  by  liquid-state  proces- 
sing in  low-g  environments,  two  requirements  are  of  fundamental  significance:  (1)  the 
achievement  of  complete  wetting  between  the  component  materials  during  the  liquid 
processing  cycle  and  (2)  the  maintenance  of  a uniform  dispersion. 

Based  on  the  previously  advanced  postulation  that  most  materials  are  mutually 
wetting  in  a gas-free  two-phase  system  (solid-liquid),  a new  technique  was  developed 
which  produces  complete  wetting  between  commonly  non-wetting  materials.  Wetting 
is  a mandatory  prerequisite  for  particle  dispersion  and  for  an  effective  interface  bond 
upon  solidification.  The  necessary  removal  of  gases  and  other  contaminants  from  the 
material  surfaces  is  achieved  by  a high  vacuum  environment,  a thermal  cycle  beyond 
the  melting  temperature  and  material  agitation.  While  primarily  developed  for  space 
processing,  Ihe  technique  may  also  have  significant  applications  in  terrestrial 
materials  production. 

Relationships  established  for  gravity-induced  and  centrifugal  segregation  pro- 
vide reliable  means  for  a sufficiently  accurate  numerical  definition  of  segregation 
, rates  or  the  absolute  paiucb*  displacement  within  the  liquid- state  processing  time. 

The  most  significant  application  of  the  fiber  segregation  results  is  the  definition  of  the 
low-g  level  required  to  maintain  adequate  mixture  stability  for  any  set  of  materials 
and  processing  variables.  The  theoretical  results  for  centrifugal  drifting  will  further- 
more be  useful  in  the  development  of  suitable  mixing  techniques,  which  at  least  in 
some  cases  are  likely  to  involve  rotary  motions. 
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FIGURE  2.  FORCES  ACTING  AT  PERIPHERY  OF  LIOUID 
DROP  ON  SOLID  SURFACE. 


FIGURE  3,  WORK  OF  COHESION. 
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FIGURE  5.  AU’MlNI’M-TrMGSTEN  COMPOSITE  (10X1. 
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FIGURE  8.  ATAVINVM-STT.TCON  CARBT!^  COMPOSITE  (10X>. 
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FIGURE  10.  SEGREGATION  VELOCITIES  OF  FIBERS  (0  = 125  MICRONS)  TN  WATER 
+ ?5"/  GLYCERINE  SOLUTION. 
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FIGURE  11.  REYNOLDS  NUMBER  VERSUS  ORBITAL  SEGREGATION  NUMBER  FOR  VERY 
SLENDER  FIBERS. 
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figure  12.  correlation  of  experimental  segregation  data  in  terms 

OF  Re  AND  N. 


FIGURE  13.  ASSUMED  LIQUID  VELOCITY 

DISTRIBUTION  IN  CYLINDRICAL 
CONTAINER. 


FIGURE  14.  PARTICLE  DRIFT  AS  A FUNCTION 
OF  INITIAL  POSITION. 
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SUMMARY 

Space  melting  of  potential  new  glass  formers  has  the  advantage  that 
no  solid  container  or  mold  would  be  required.  The  absence  of  such  a mold 
would  remove  the  possibility  of  contamination  of  melts  (especially  those  at 
high  temperature)  bv  the  container  and,  in  addition,  on  cooling  would  offer 
no  heterogenous  nucleation  sites  for  crystallization.  New  glasses  with 
interesting  combinations  of  optical  properties,  e.g.,  index  of  refraction  and 
dispersion,  then  might  be  produced. 

An  approach  to  containerless  melting  in  the  laboratory  has  been 
studied  for  the  past  few  years.  Various  oxides  and  combinations  of  oxides, 
not  known  to  be  glass  formers,  were  hot  pressed  into  rods  of  about  1/8-inch 
(3  mm)  diameter.  The  investigations  were  limited  to  oxides  since  they  have 
predictable  properties  and  are  stable  in  air.  The  rods  were  rotated  in  a 
high-speed  drill  motor  and  a CO2  laser  beam  of  about  250-watt  intensity  was 
focused  on  the  end  and  face  of  the  spinning  rod.  The  small  molten  droplets 
that  were  spun  off  were  allowed  to  free-fall  cool.  Approximately  100 
spherules  of  each  of  the  co '-nosi  t ions  tested  were  collected.  These  ranged 
from  crystalline  to  cleat,  smooth  glass  spherules.  Glasses  of  100  to  800 
microns  in  diameter  were  formed  from  at  least  80  weight  percent  of  the 
oxides  A J ^ n 3 > Ga203,  In203  , 152^3,  Zr02,  Hf02>  ^U2°5  and  Ta205  with  20  or 
less  weight  percent  of  CaO  + Si02  end  from  the  pure  lanthanide  oxides  La203, 
Sc2°3,  Y2^3*  Sr.203,  Gd203,  Yb203>  and  LU2O3.  The  pure  La903  glass  decomposed 
rapidly  tn  air  but  stable” glasses  were  produced  from  binary  La903 
compositions  with  25,  50  and  73  weight  percent  of  each  of  the  oxides  Y2O3, 
Yb203,  NbpO-  and  Ta20^  and  from  the  ternary  compositions  40  weight  percent 
ha  j • 1 3 + 2J  velcht  percent  CaO  + hQ  weight  percent  At  2O3  or  Ga203-  The 
indices  of  refraction  of  all  the  glasses  and  the  Abbe  numbers  of  several 
were  measured.  Many  of  the  glasses  produced  had  a refractive  index  greater 
that  2.0. 


To  attempt  to  produce  larger  glass  samples  fof  1/4-inch  (6  mm) 
diameter],  a second  approach  is  being  tried.  This  consists  of  the  use  of  a 
vertical  wind  tunnel  to  suspe  id  a sample  on  an  air  stream  while  it  is  being 


*Paper  presented  by  R.  A.  Happe. 
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superheated  and  then  cooled.  A piece  of  the  base  oxide  rod  is  fused  to  the 
tip  of  a 1-  to  3-mm-dia.neter  fused  silica  probe  with  the  laser  beam.  The 
base  oxide  is  then  melted  completely  with  the  laser  while  suspended  in  the 
air  stream  with  the  aid  of  the  silica  probe.  The  probe,  containing  no 
crystalline  matter,  does  not  appear  to  contribute  nucleation  sites. 

Preliminary  work  has  resulted  in  crack-free  glasses  of  about  1/4-inch 
diameter  being  obtained  repeatedly  from  80-20  ~ Ca0  anc*  on  one  occasion 

from  50-50  I^Oj-bft^Os.  Although  glasses  of  the  ~ CaO  composition  have 

been  reported  previously,  they  were  formed  only  in  small  sizes  (about  1/50  of 
the  present  mass)  and  only  through  the  use  of  a fast  water  quench. 
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Ill  I I II 


INTRODUCTION 

The  combination  of  circumstances  attending  melting  in  space  presents 
the  possiblity  of  making  glasses  from  substances  which  to  date  have  been 
observed  only  in  the  crystalline  condition.  The  absence  of  a need  for  a 
solid  container  durirg  the  melting  and  superheating  portion  of  the  manu- 
facturing cycle  permits  contamination-free  melting,  the  only  contact  of  the 
melt  with  its  surroundings  being  a gaseous  atmosphere  or,  if  so  desired,  a 
vacuum.  Thus  it  is  possible  to  melt  without  contamination  many  high  melting 
point  materials  that  heretofore  could  not  be  successfully  melted  because  of 
reaction  with  the  neltinc  crw.  ible  material.  This  advantage  alone  might 
permit  the  preparation  of  new  substances  as  glasses  if  their  viscosity  is 
sufficiently  high  to  suppress  crystal  grov/th  on  cooling.  In  addition,  space 
melting  permits  cooling  without  requiring  the  use  of  a solid  mold.  Thus, 
many  of  the  usual  crystal  nucleation  sites  are  eliminated.  Unless  a given 
material  can  spontaneously  nucleate  on  cooling,  and  this  requires  that  a 
nucleation  energy  barrier  be  surmounted,  super-cooling  below  the  normal 
melting  point  will  occur.  If  a sufficient  amount  of  undercooling  is  obtained 
(i.e.,  below  the  glass  transition  temperature)  and  if  the  undercooling  is 
accompanied  by  a sufficient  increase  in  viscosity,  crystallization  will  be 
avoided  entirely,  and  glass  will  result.  The  concept  of  glassmaking  in 
space  is  particularly  intriguing  for  the  following  reasons: 

1.  There  is  a strong  possibility  that  oxides  such  as  T.12O5, 

A 1 2 0 3 > Y2O3,  and  some  of  the  rare  earth  oxides  can  be  prepared  as  glasses  in 
commercially  useful  sized  spherical  boules  through  space  melting  and  cooling. 

2.  Glasses  produced  from  such  oxides  or  combinations  of  them  with 
other  oxide  additions  should  have  optical  properties  not  obtainable  in  the 
conventional  silicate,  borate,  and  phosphate-based  glasses. 

3.  The  combination  of  optical  properties  projected  for  such  glasses 
should  make  them  suitable  for  use  in  advanced  optical  systems. 

A.  The  spherical  shape  of  glass  boules  that  would  result  naturally 
from  space  production  is  quite  suitable  for  the  making  of  lenses  and 
windows . 


5.  The  production  of  glass,  given  a well-engineered  space  facility, 
should  be  well  within  the  capabilities  of  the  astronauts  after  a suitable 
brief  training  period,  the  more  technically  and/or  skill  oriented  operations 
being  performed  terrestrially  before  and  after  flight  operations. 

6.  A well-directed  research  and  development  program  leading  to  the 
production  of  useful  space  glasses  should  yield  much  valuable  scientific 
information  on  the  nature  of  glass  formation,  nucleation  theory,  etc. 


It  is  envisioned  that  the  process  described  need  not  be  limited  to  oxide  glasses. 
Perhaps  other  compounds  such  as  carbides,  nitrides,  and  chalcogenides  will 
ultimately  beocme  producible  as  glasses  by  space  processing. 
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To  date  studies  of  space  glasses  have  by  choice  been  confined  to 
oxide  glasses  only.  It  is  felt  that  the  applications  for  such  glasses  are 
more  readily  predictable  than  for  the  other  materials,  and  that  many  of  the 
principles  that  will  evolve  from  a study  of  oxide  glasses,  which  can  be 
melted  in  air,  permit  a more  direct  approach  to  non-oxide  materials  in  the 
future . 


The  present  paper  gives  the  highlights  of  experimental  work  conducted 
over  the  past  three  years  leading  to  the  production  of  useful  new  optical 
glasses  in  space. 
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EXPERIMENTAL  WORK 


The  experimental  work  performed  to  date  ha:,  been  aimed  at  the 
ultimate  production  of  new  oxide  glasses  for  use  in  optical  systems 
functioning  in  the  visible  portion  of  the  spectrum.  Initial  work  utilized 
a laser  spin-melting  technique  to  produce  100-  to  800-micron-diameter 
spherules  under  free-fall  conditions.  Many  compositions  were  prepared  in 
this  manner  and  seven  promising  compositions  were  selected  for  scaling  to 
a 1/4-inch  (6  mm)  size  category.  Current  work  employs  the  CO2  laser  for 
melting  energy  in  an  attempt  to  prepare  1/4-inch  (6  mm)  equivalent  spherical 
diameter  glass  boules  which  are  suspended  on  a vertical  air  column  during 
melting  and  cooling.  The  work  being  conducted  currently  will  be  summarized 
as  will  the  earlier  screening  studies. 

RATIONALE 

An  Abbe  diagram, familiar  to  lens  designers,  is  shown  in  Figure  1.  The 
index  of  refraction  in  sodium  D light  is  plotted  on  the  ordinate  and  the 
Abbe  number,  an  inverse  measure  of  dispersion,  is  plotted  on  the  abscissa. 
The  higher  Abbe  numbers  to  the  left  of  the  diagram  indicate  a low  dispersion 
(i.e.,  a flatter  slope  of  the  incex  vs.  wavelength  curve),  and  the  lower 
Abbe  numbers  to  the  right  of  the  diagram  have  high  dispersion,  or  a steeper 
index  vs.  wavelength  curve.  Approximately  100  years  ago  the  flint  glasses 
were  developed.  This  permitted  the  designing  of  the  first  achromatic,  or 
color-corrected  mui ti-^ 1 ement  lenses.  Responding  to  the  demands  for  better 
and  better  quality  lenses,  the  optical  glass  industry  developed  more  glasses 
with  properties  between  those  of  the  crown  and  flint  glasses.  More  recently 
glasses  have  been  developed  to  fill  out  the  area  labeled,  ’'commercial 
glasses” ,*  in  Figure  1.  The  trend  has  been  to  push  the  area  up  and  to  the 
left  and  many  of  the  glasses  have  very  complex  compositions.  It  should  also 
be  noted  that  because  lens  design  is  an  iterative  process,  isolated  glasses 
with  unusual  combinations  of  properties  are  rarely  of  any  value.  The  lens 
design  process  requires  that  small  shifts  in  optical  properties  from  those 
initially  selected  be  available. 

If  glasses  could  be  prepared  from  oxides  beyond  the  reach  of  current 
technology,  the  area  of  useful  properties  could  be  more  than  doubled  as  is 
shown  in  the  area  .tabled,  "potential  space  produced  glasses",  in  Figure  1. 

If  the  promise  of  space  production  can  be  realized  by  the  preparation  of 
simple  compositions  with  properties  falling  roughly  in  the  circles  marked  1, 
2,  and  3,  it  should  be  possible  by  combining  these  compositions,  to  fill  in 
the  areas  shown  in  the  figure.  Thus,  efforts  to  date  have  been  largely 
devoted  to  attempts  to  prepare  simple  compositions  with  g?ass  properties 
f . r v;  thin  the  three  circles  in  Figure  1. 


*from  the  catalogue  of  Glass,  Germany. 
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The  candidate  base  oxides  initially  selected  for  study  are  as  follows: 


Class* 

1 

2 

3 


Base  Oxide 

AI2O3,  Ga203,  MgO,  MgAl204  (spinel) 

La203,  Y2O3 , Yb203,  Gd203,  LU2O3,  Sc203, 
Sm203,  Dy203>  Nd203,  Bi203,  and  PbO 

Nb205,  Ta203,  Zr02,  Hf02,  Ti02>  ZnO,  Ce02 


Note  that  all  of  the  oxides  shown  are  white  in  color  (should  yield  clear 
glasses)  and  most  of  them  should  be  chemically  stable  in  air,  thus 
simplifying  experimental  operations.  As  can  be  seen  in  Table  I,  most  of 
them  have  high  melting  points,  which  should  result  in  very  high  ratiation 
cooling  rates  to  the  glass  transition  temperature,  a consideration  which 
should  enhance  the  probabilities  of  glass  formation. 


Table  I.  Properties  of  Oxides 


Approx. 

Approx. 

Melting  Point, 

Boiling  Point, 

Oxide 

C 

C 

Remarks 

Al'/O* 

2070 

2980 

Ga203 

1800 

Gd303 

2330 

— 

Hygroscopic 

HfOo 

2900 

-5400  (?) 

La?03 

2310 

4200 

Hygroscopic 

LU2O3 

High 

— 

MgO 

2850 

3600 

Nb205 

1490 

- 

Sc  20  3 

> 2405 

— 

Sm203 

2350 

- 

Ta?Or 

1870 

> 2200 

Ti023 

1845 

- 

Loses  02  above  1900  C 

y2°3 

2410 

4300 

Yb203 

2250 

- 

ZnO 

1970 

- 

Zr02 

2690 

4300 

Note:  All  of  the  oxides  are  white  or  colorless 


*As  defined  by  the  properties  within  the  three  circles  of  Figure  1. 
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Additionally,  there  is  another  important  area  of  application  which 
these  glasses  might  fill.  Space  production  offers  an  opportunity  to  prepare 
new  families  of  glasses  free  of  the  usual  base  oxides,  SiC^,  , and  ^2^5  * 

Noncross-bred  glasses  should  open  possibilities  for  the  lens  designer  for 
correcting  "secondary  spectrum".  References  1 and  2 cover  this  subject  in 
more  detail. 

Table  II,  which  has  been  abstracted  from  an  applications  study 
performed  under  subcontract  by  the  Perkin-Elmer  Corporation,  lists  some  of 
the  specific  types  of  systems  where  space  glasses  might  find  applications. 
The  reader  is  referred  to  Appendix  I of  Reference  3 for  a comprehensive 
treatment  of  applications  for  space  glasses. 

Table  II.  Potential  Applications  for 
Space-Produced  Glasses 


Non- Imaging 

Host  materials  for  1.06  micron  lasers 
Raw  materials  for  coatings 

Imaging 

Multi-element  lenses  for  high  numerical  aperture  systems 
Microscope  objectives 
Low  light  level  lenses 
Long  focal  length  lenses 

Multi-element  lenses  (high  n) 

Anastigmatic  photo  objectives 
Aplanats 

Lower  curvature  lenses 
Zoom 

Spectrometers 
Monochromato  s 

Polarizing  microscopes 
High  speed,  large  lenses 

High  numerical  aperture  systems 

Oil  immersion  microscope  objectives 
Fiber  optics  bundles 


SCREENING  STUDIES 

Glass  Preparation  Techniques 


A 250-watt  continuous  wave  CO2  laser  (Model  41,  Coherent  Radiation 
Laboratories,  Palo  Alto,  California)  operating  at  a wavelength  of  10.6  micro- 
meters* was  used  as  the  heat  source.  In  the  early  experiments,  carried  out  at 


i \ e s i 


are  opaque  to  this  wavelength. 
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the  Sandia  Laboratories,  NaCl  windows  and  a KC1  lens  of  100  nun  focal  length 
were  utilized.  In  the  more  recent  runs  made  with  a similar  laser  at  the 
Space  Division  of  Rockwell  International,  gallium  arsenide  lenses  of  6.35 
or  12.7  cm  focal  length  were  used.  The  beam  was  focused  downward  onto  the 
target,  the  end  of  a horizontally  positioned  ceramic  rod. 

The  technique  employed  by  Nelson,  Skaggs  and  Richardson  (Reference  4) 
was  used  to  produce  the  glass  spherules;  this  involves  rotating  a ceramic  rod 
at  a known  speed  of  8,000  to  30,000  rpm  with  a high-speed  drill  motor.  The 
face  and  tip  of  the  spinning  rod  were  then  introduced  into  the  laser  beam 
and  molten  droplets  were  spun  off.  These  varied  in  size  from  about  100  ^m 
to  800  p.m  depending  on  the  material,  the  speed  of  rotation,  and  the  laser 
beam  power  density.  In  the  present  study,  a beam  power  of  200  to  300  watts 
and  spin  speed  of  20,000  rpm  usually  gave  an  optimum  yield.  Figure  2 is  a 
time  exposure  showing  a ceramic  rod  in  the  process  of  being  spun  under  the 
laser  beam  at  about  10,000  rpm.  The  traces  of  the  ejected  molten  droplets 
are  clearly  visible.  The  spherules  were  caught  in  a large  funnel-shaped 
aluminum  foil  hopper  and  collected  in  a stainless  steel  tray.  The  spherules 
were  then  transferred  into  small  plastic  boxes  and  were  examined 
microscopically. 

Material 


Compositions  tested  are  listed  in  Tables  III,  IV,  and  V.  With  the 
exception  of  the  lanthena-contal ning  compositions  of  Table  V,  all  of  the 
compositions  contained  at  least  80  weight  percent  of  the  base  oxide.  Each 
composition  of  single  or  mixed  oxides  of  high  purity  were  uniformly  blended, 
then  hot  pressed  and  sintered  into  rods  2.5  to  5 cm  long  by  0.3  cm  diameter 
by  the  Haselden  Company,  San  Jose,  California. 


Table  III.  Results  of  Laser  Melting  Experiments 


Major 

Constituent 

Wt  % 
CaO 

Wt  % 
Si02 

Glass 
Yield,  %* 

nD 

Abbe  Number 

AI2O3 

0 

0 

0 

- 

- 

0 

5 

<1 

1.728 

33 

0 

10 

<1 

1.720 

36 

0 

15 

<1 

1.634 

45 

0 

20 

1-10 

1.629 

39 

5 

0 

<1 

- 

- 

10 

0 

< 1 

1.650 

50 

15 

0 

<1 

- 

- 

20 

0 

1-10 

1.642 

38 

5 

5 

<1 

- 

- 

10 

5 

<1 

- 

- 

5 

10 

<1 

- 

- 

10 

10 

<1 

1.632 

37 

894 
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Table  III.  Results  of  Laser  Melting  Experiments  (Continued) 


^Average  yield  for  several  runs 

a.  ZnO  added  instead  of  CaO 

b.  BaO  added  instead  of  CaO 


Table  IV.  Results  of  Laser  Melting  Experiments  - Lanthanides 


Major 

wt  :> 

Glass 

Const ituent 

CaO 

Yield,  « 

nD 

Abbe  Number 

S>c2^3 

— 

< 1 

1.920 

18 

SC2O3 

10 

0 

- 

— 

Sc  1O3 

20 

0 

- 

- 

’1063 

- 

>10 

1.920 

25 

Y2O3 

10 

>10 

1. 920 (? ) 

- 

Y7O3 

20 

< 10 

1 . 920  (?) 

- 

y2o3 

10* 

< 1 

1 , 920 ( ? ) 

— 

SnnOi 

- 

-'10 

2.12 

— 

Sn203 

10 

< 10 

2.04 

- 

Sn203 

20 

< 1 

- 

- 

Gd?03 

- 

>10 

2.09 

- 

Gd203 

10 

<10 

2.07 

- 

Gd“03 

20 

< 2 

- 

- 

Yb20^ 

- 

•'10 

1.938 

25 

LU2O3 

- 

c 1 

1.933 

23 

LU2O3 

10 

< 1 

1.920 

23 

Lu^03 

20 

0 

— 

— 

a.  SaO  substituted  for  CaO 

Table  V.  Results  of  Laser  Melting  of  La203  With  Other  Glass  Formers 


Other 

Constituents  (B) 

wt  % 

B 

Glass 
Yield,  * 

nD 

Abbe  Number 

y2°3 

25 

< 1 

2.1 

Y7O3 

50 

< 1 

2.09 

- 

Y0O3 

75 

< 1 

2.10 

- 

vSvJ., 

25 

< 10 

2.10 

- 

Y h \ ~j  3 

j0 

- 10 

2 . 09 

- 

Yb203 

75 

< 10 

2.07 

- 

NbiOs 

25 

<10 

2.18 

- 

:;b:o3 

50 

-10 

2.20 

- 

Nb  2 0 3 

75 

>10 

2.18 

- 

Ta205 

25 

<10 

2.18 

- 

Ta203 

50 

-50 

2.13 

- 

Ta203 

75 

>50 

2.16 

- 

AI2O3  + CaO 

40  + 20 

’ 10 

1.85 

50 

Ou  ->03  + CaO 

40  + 20 

in 

1 . S3 

30 
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Optical  Properties 


The  optical  properties  shown  in  Tables  III,  IV,  and  V were  measured, 
using  techniques  which  were  described  in  detail  in  References  5,  6,  or  7. 

Abbe  numbers  could  be  obtained  for  only  a few  compositions  and  these  should 
be  viewed  "cum  grano  salis"  because  the  refractive  indices  could  be  measured 
to  no  more  than  two  figures  to  the  right  of  the  decimal  in  such  small 
samples. 

Approximately  one  hundred  spherules  of  each  of  the  compositions  tested 
were  collected.  A large  variety  of  samples  was  obtained  ranging  from  those 
which  were  obviously  crystalline  to  clear,  smooth  spherules.  The  clear, 
spherical  (or  ellipsoidal  in  one  system),  smooth-surfaced  specimens  were 
invariably  glass.  Clear  spherules  with  a fairly  smooth  surface  having  some 
irregularities  generally  had  a glass  interior  and  a crystalline  surface. 
Iranslucent  spherules  were,  generally,  very  finely  crystalline  and  resembled 
u finely  devitrified  glass  in  the  microscope.  Specimens  which  had  non- 
.plior  leal , irregular  or  lumpy  surfaces  were  generally  crystalline. 


Figures  3 through  6 show  four  of  the  compositions  that  yielded  large 
fractions  of  glass.  Figure  3 is  illustrative  of  the  variety  of  textures 
obtained  with  a sample  where  a large  fraction  of  glass  spherules  were 
.‘reduced.  The  textures  of  the  spherules  range  from  clear,  smooth  glass  to 
milky,  translucent  micro-crystalline,  to  opaque  white,  fine-grained 
crystalline  to  relatively  coarse-grained,  translucent  crystalline  lumpy 
spheres.  Six  of  these  glass  spheres  were  mounted  for  microprobe 

analysis.  The  compositions  were  uniform  within  any  given  sphere  within  the 
precision  of  the  microprobe  analysis  and  the  largest  difference  between 
spheres  was  less  than  2 percent  of  the  amount  of  CaO  or  Si  03.  The  ^205- 
i’aO  system  (Figure  4)  produced  one  of  the  highest  yields  of  good  quality 
glass.  The  Ga203  + CaO  mixture  (Figure  6)  is  seen  to  contain  numerous 
buDDies  and  some  ellipsoidal  glass  forms. 


Tables  III,  IV  and  V shew  the  experimental  results.  Many  of  the 
pheres  were  made  in  at  least  two  separate  experiments;  others  were  done 
..,e.  Separate  experiments  with  a given  composition  did  not  always  yield  the 
same  results,  and  differences  in  glass-f orming  ability  shown  in  the  table  are 
not  hard  and  fast.  For  some  compositions,  no  glass  was  observed  in  one 
experiment  and  some  recovered  in  another.  These  were  always  noted  by  < 1 
•lercent.  Different  experimental  conditions  seemed  to  lead  to  different 
1 ass  forming  tendencies.  At  spin  veloci t ies  < 23 , 000  rpm  and  where  > 1 per- 
'ent  glass  spherules  were  produced  some  where  invariably  large  (i.e.,  0.4  - 
0.8  mm).  Many  of  the  crystalline  spherules  containing  Nbo05  or  Ta205  were 
'Mired  blue-grav  or  buff,  probablv  indicating  variable  valence  states.  The 
’ i -'S  prn*i*ict?d  were  always  rate1  white.  The  lanthanum  oxide  and  indium 
::d*j  formed  light  brown  to  orange  to  colorless  crystalline  spherules  and  it 
Is  possible  that  suboxide  formation  is  the  cause  of  the  color.  Again,  the 
glasses  were  always  colorless.  Further,  the  glassy  La203  spherules  between 
crossed  nicols  usually  showed  some  microcrystalline  phases  to  be  present. 

’he  1.0203  spherules  deteriorated  to  a powder  after  several  hours  in  air. 

\ ray  analysis  of  the  white  powder  showed  the  presence  of  hydroxide.  Another 
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interesting  point  with  lanthanum  oxide  is  that  the  glass  yield  decreased  as 
CaO  was  added,  in  contrast  to  the  effect  with  virtually  all  the  other  oxides 
where  glass-forming  ability  increased  with  added  CaO. 

When  BaO  or  ZnO  was  substituted  for  CaO  with  Ta205,  a good  glass- 
forming oxide,  no  glass  was  formed.  Specificity  or  ionic  size  as  well  as 
composition  may  be  important  here.  The  volatility  of  ZnO  and  WO3  makes 
their  use  as  glass  formers  under  the  present  conditions  very  difficult. 
Mixing  these  with  CaO  may  aid  glass  formation.  The  Ti02  yielded  mainly 
dark  opague  material  but  also  some  light  natter.  This  suggests  that 
different  valence  states  of  Ti  are  present.  Note  that  Ti02  starts  losing 
oxygen  just  above  the  melting  point. 

The  index  of  refraction  no  at  589  mu  and  the  Abbe  number  v/ , an 
inverse  measure  of  the  dispersion,  of  all  the  glasses  measured  in  this  study 
are  also  reported  in  Tables  III,  IV  and  V.  However,  sample  yield,  stability 
(for  La203) , and  time  did  not  permit  Abbe  number  measurements  on  all  of  the 
glasses  produced . 

The  index  of  refraction  of  13303  was  uniquely  difficult  to  measure* 
presumably  due  to  its  instability  to  moisture.  The  two  values  found  for 
indium  oxide  suggest  the  higher  value  was  due  to  either  a lower-valer.t 
indium  oxide  or  s o~c  contamination  by  another  system,  e.g.,  Xb205  + 15% 

CaO.  Similar  high  values  were  also  found  in  some  samples  of  Ga203  + 20% 

CaO.  Emission  spectroscopic  analysis  of  a group  of  about  50  of  the  Ga203 
glass  spheres  showed  that  high  NbpQT  ccncen  t rat  ions  we  re  present.  Since 
the  NT^O^-CaO  compositions  were  run  just  before  the  In203~Ca0  and  Ga203- 
CaO,  cross  contamination  appears  to  have  occurred. 

It  should  also  be  noted  that  it  is  not  possible  to  superheat*  the 
material  during  the  spin  melting  operation  - the  material  being  ejected  as 
soon  as  it  becomes  molten,  or  partially  molten  in  the  case  of  compositions 
with  a significant  freezing  range.  This  suggests  the  distinct  possibility 
that  so~'t'  compositions  that  did  not  siiow  o'«'d  j 1 a s s- f o rw  i ng  tendencies  in  the 
spin  citing  cxpei  . <■:  f - ig.it  still  be  rendered  glass  formers  under  more 
contrt lied  conditions  where  superheating  can  be  incorporated  in  the  cycle. 
Theoretically  a superheating  temperature  of  200  C*  above  the  crystalline 
melting  temperature  (liquidus)  is  desirable  in  order  to  insure  digestion  of 
residual  nuclei  from  the  crystalline  starting  material.  It  is  hoped  that  the 
techniques  being  developed  as  described  in  the  following  section  will  permit 
controlled  superheating. 

EXPERIMENTS  LEADING  TO  THE  PREPARATION  OF  1/4- TNTH-DI AMETF.R  GLASS  SAMPLES 

inner  contract  NAS  8-2S991,  which  ‘was  awarded  in  May  1973,  teenniques 
are  being  developed  which,  it  is  hoped,  will  enable  the  preparation  of  glass 
samples  in  the  1/4-inch-size  class.  While  the  contract  is  not  yet  complete, 
some  success  has  been  achieved.  The  balance  of  this  paper  describes  the 
approach  taken  and  the  preliminary  results  achieved  to  date. 

■•‘Digestion  of  nuclei  is,  of  course,  time  as  well  as  temperature  dependent. 

For  fast-cycle  operations  such  as  these  ground  simulated  experiments, 

200  C seems  a reasonable  temperature. 
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Initially,  two  approaches  were  considered  for  the  container less 
preparation  of  1/4-inch-size  glass  samples.  One  was  to  construct  a drop 
tower  where  a long-focussed  CO2  laser  beam  would  be  directed  vertically  to 
the  top  of  the  tower  where  the  end  of  a ceramic  rod  of  the  desired  composi- 
tion would  be  melted  by  the  laser  beam  - the  molten  drop  falling  down  the 
beam  to  superheat  it.  A light  sensing  device  would  trigger  a mechanism  ti 
remove  the  vertical-directing  mirror.  This  would  start  the  cooling  cycle 
and  provide  clearance  for  the  falling  drop  after  which  it  would  descend 
into  a vertical  well  shaft  for  the  balance  of  the  cooling  cycle. 

1 

The  second  approach,4  which  has  been  investigated  actively  in  the 
present  study,  consists  essentially  of  suspending  the  molten  drop  of  oxide 
on  a vertical  column  of  air,  heating  being  accomplished  by  directing  a 
focussed  CO2  laser  horizontally  onto  the  drop  of  molten  oxide. 

Wind  Tunnel 


A significant  portion  of  the  research  effort  to  date  has  been  con- 
cerned with  the  development  of  a vertical  wind  tunnel  capable  of  suspending 
both  solids  and  liquids.  The  first  tunnel  built  was  a simple  one  con- 
structed according  to  the  description  given  in  Reference  8.  The  referenced 
tunnel  was  used  for  suspending  water  drops  of  0.9-cn  diameter  for  rain  drop 
studies.  The  first  tunnel  contained  a small  amount  of  tuibulence  at  the 
exit  but  was  capable  of  suspending  1 /4-inch-sphe r ical  diameter  water  drops 
as  constructed.  Unfortunately,  the  drops  in  suspension  were  in  a continual 
state  of  notion.  Of  equal  significance,  it  was  impossible  to  hold  solids  of 
any  shape  in  the  tunnel  {with  Lhe  exception  of  a ping  pong  ball).  After 
numerous  attempts  to  improve  matters,  it  was  decided  to  rebuild  the  wind 
tunnel  following  modern  wind  tunnel  design  practices  as  closely  as  possible. 

The  final  tunnel  is  shown  in  Figure  7.  A 2-foot  square  wooden  box 
which  served  as  a plenum  chamber  has  a shrouded  circular  hole  approximately 
14  inches  in  diameter  in  the  side  away  from  the  camera.  The  squirrel  cage 
blower  of  the  original  tunnel  was  replaced  with  a 14-inch  4-bladed  propeller 
of  maple  (made  from  a pair  of  2-bladed  model  airplane  propellers).  The 
propeller  is  mounted  flush  in  the  hole  in  the  box  and  is  driven  by  a one 
horsepower  d-o  motor  equipped  with  a generator / feed  back  loop  to  maintain 
constant  speed  regardless  of  line  voltage  fluctuations.  A control  head 
(under  one  of  the  writer's  hands  in  the  figure)  permits  the  speed  of  the 
motor  to  be  varied  continuously  over  a wide  range  and  is  equipped  with  a 
vernier  control  to  permit  fine  adjustments. 

The  air  is  exhausted  from  the  plenum  chamber  into  a 6-inch-square 
parallel  section  about  one-foot  long.  This  section  contains  three  tightly 
s.rei  pieces  M*  ordinary  w;:n;ow  screening  to  smooth  the  air  flow.  Above 

: . t ■ : - ,i  f 1 • w s:  ’t‘r  • . ;nh‘.  '..u  ci  a i*  of  \ ' 1 ♦ 1 -c  a 1 1 - s : / e 

aluminum  honeycomb  of  one-incn  tnicknuss.  ihe  latter  see.*od  to  be  necessary 
to  obtain  good  laminar  flow.  Immediately  above  the  parallel  section  is  a 
reduction  section  which  reduces  the  air  column  from  6-inch  square  to  2-inch 
square,  approximately  a nine  to  one  area  reduction.  Above  the  reduction 
section  is  a removable  exit  section  with  a 2-degree  expending  wall  taper. 
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liu*  top  of  this  section  holds  a shaped  screen  to  provide  a velocity  well. 
About  o inches  above  the  shaped  screen  is  a back  pressure  plate  which  proved 
to  be  necessary  to  obtain  suspension.  A more  detailed  treatment  of  the 
experimental  work  with  the  wind  tunnel,  including  the  many  ideas  that  were 
tried  before  the  final  configuration  was  arrived  at,  will  be  given  in  the 
final  report  on  this  program,  and  is  outside  the  scope  of  this  paper. 

The  final  tunnel  provides  good  laminar  flow  and  is  capable,  with  the 
back  pressure  plate,  of  suspending  water  drops  as  large  as  9 mm  equivalent 
spherical  diameter  as  shown  in  Figure  7.  Figure  8 shows  a close-up  of  a 
water  drop  in  suspension  and  also  provides  a better  view  of  the  shaped 
screen.  Motions  of  the  suspended  drop  in  the  X and  Y directions  are 
negligible.  Fluctuations  in  the  Z direction  are  normally  within  about  +1 
drop  diameter  of  the  mean  position.  However,  there  are  also  sporadic  Z 
direction  motions  where  the  drop  "pops"  several  inch.es  above  its  mean 
position  and  immediately  returns  to  the  mean  position.  Solid  shapes  still 
cannot  be  suspended  in  the  final  tunnel.  Additional  difficulties  were 
encountered  when  attempting  to  suspend  molten  oxide  drops.  For  example,  it 
was  found  to  be  very  difficult  to  detach  the  molten  pool  in  the  end  of  a 
starting  rod  in  the  ai**  stream.  It  is  quite  likely  that  all  of  the  problems 
er.ccmte.ed  are  solvable  with  eno  lgh  effort.  However,  a technique  was 
devised  for  obtaining  the  desired  stability  through  the  use  of  a probe  rod, 
to  be  described  later,  so  that  further  attempts  to  solve  the  problems 
according  tc  the  original  conception  were  abandoned  for  the  time  being. 

Laser 


The  COs  laser  being  used  is  mounted  below  ground  in  a tunnel  on  the 
site  of  the  Electronics  Research  Division  of  Rockwell  International  in  Anaheim, 
California.  It  presently  emits  a raw  beam  about  1-1/2  inches  in  diameter 
and  150U  watts  intensity.  Figure  9 shows  the  optical  components  of  the 
laser  beam  focussing  and  directing  set-up.  The  raw  beam,  wdiich  emerges 
: ■ f\\  r.d  t..e  '\er  ricat-hand  corner  of  tne  photograph,  goes  through  an 

haul  beam  splitter  and  then  impinges  upon  a 43-degree  plane  gold-plated 
mirror  serving  as  an  optical  switch  directing  the  beam  to  a brick  on  the  wall 
where  the  energy  is  dissipated.  The  beam  splitter  directs  about  8 percent  of 
the  beam  energy  into  a calorimeter  (not  shown)  for  continuous  monitoring  of 
bean  power. 

When  the  optical  switch  is  pulled  forward  on  its  track,  the  beam  enters 
a planoconvex  NaCl  lens  with  a focus  just  before  a second  planoconvex  NaCl  lens. 
IT.*'  Cv^mb  inut  ion  of  lenses  gives  a long  focus,  the  beam  being  reflected  ver- 
tical iron  a gold-plated  plane  mirror  on  tae  optical  bench  to  a second 
mirror  (at  the  top  of  the  photograph).  The  second  plane  mirror  reflects  the 
bean  horizontally  across  the  top  of  the  wind  tunnel.  This  mirror  can  be 
rotated  by  means  of  a long  handle  that  is  provided  with  stops  to  limit  its 
motion . 
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Oxide  Melting  - Mullite 


Rather  than  continuing  to  attempt  to  solve  the  f ree-suspension 
problems,  a method  of  "cheating’'  was  devised  to  provide  the  necessary  stability 
for  melting  oxides  and  at  the  same  time  circumvent  the  problems  with  detaching 
liquid  drops  from  the  solid  starting  rods,  Mullite  was  chosen  as  the  oxide 
for  this  portion  of  the  study  for  the  following  reasons: 


1. 
2 . 
3. 

oxides  of 


It  is  readily  available  as  electrical/ thermal  insulation  tubes. 
It  is  relatively  inexpensive. 

It  has  a similar  melting  temperature  (about  1850  C)  to  typical 
interest . 


4.  It  has  a very  low  viscosity  when  molten,  similar  to  that  of  water. 
Similar  low  viscosity  above  the  melting  temperature  is  characteristic  of  the 
oxides  of  interest. 


5.  It  can  be  classed  as  a poor  glass  former;  to  date  the  glassy  state 
has  been  achieved  by  the  authors  only  when  laser  melted  drops  were  dropped  a 
short  distance  into  water.  The  drops  were  close  to  1/4-inch  diameter,  but 
were  invariably  full  ot  fractures  resulting  from  thermal  shock.  Figure  10 
shows  a number  cf  drops  produced  in  this  manner. 


Techniques  were  devised  for  transferring  molten  oxide  from  the  end  of 
laser  melted  mullite  rods  to  the  end  of  a small  (1  to  3 mm)  fused  silica  rod. 
The  fused  silica  rods  were  chucked  on  a slow  speed  motor  and  the  blob  of  oxide 
remelted  using  the  laser  beam  and  air  suspension  to  provide  a uniform  shape. 
Figure  11  shows  the  present  melting  setup.  The  laser  beam,  which  was  posi- 
tioned to  miss  the  mullite  sample  for  this  photograph,  has  been  rendered 
visible  by  sprinkling  talcum  powder  in  its  path.  The  talc  particles  are 
heated  to  incandescence  by  the  laser  beam.  A small  d-c  motor,  in  the  upper 
part  of  the  photograph,  can  be  turned  on  to  rotate  the  sample  slowly  during 
melting  to  provide  better  heat  distribution.  The  wind  tunnel  propeller  speed 
is  adjusted  just  short  of  free  suspension  velocity,  the  remaining  lift  being 
provided  by  the  silica  probe.  The  purpose  of  the  silica  probe  is  primarily 
to  eliminate  the  vertical  motions  in  the  air-suspended  drop.  Only  a minor 
portion  of  the  lift  is  provided  by  wetting  of  the  probe  by  the  oxide  drop. 

With  the  silica  probe  alone,  only  very  small  (approximately  2-mm  diameter) 
dr-^p^  ci n be  he  Id  . 


A slow  motion  picture  (250  frames/second)  was  made  of  the  melting  and 
cooling  of  suspended  mullite  drops  of  the  1/4-inch  size  class.  Twenty-four 
cycles  were  photographed.  The  mullite  invariably  crystallized.  The  film 
shews  very  clearly  the  nucleation  starts  and  the  growth  of  the  crystals  from 
the  parent  liquid.  In  only  one  of  the  24  cycles  did  the  mullite  appear  to 
dystallize  starting  near  the  silica  probe.  This  proved  that  the  silica  did 
not  participate  in  causing  crystallization  and  that  its  use  is  justified  so 
far  as  the  objectives  of  the  present  study  are  concerned.  The  mullite  under- 
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cooled  an  estimated  650  to  850  C before  c rvsta ] 1 i zat ion  commenced.  In  all  but 
one  cycle  only  one  to  three  crystal  starts  were  observed.  The  remaining  cycle 
contained  four  to  six  starts.  From  the  '’jiggling"  of  the  liquid,  which  can 
be  observed  in  the  film,  and  the  rapid  rate  of  crystal  growth,  it  appears 
that  the  viscosity  of  the  mullite  did  not  increase  noticeably  from  the  molten 
state  at  the  beginning  of  the  cycle  through  the  undercooled  state  before  and 
during  crystallization. 

Oxide  Melting  - Glass  Candidates 

Seven  oxide  compositions  were  received  recently  in  the  form  of 
hot-pressed  1/4-inch-diameter  rods.  The  seven  compositions  are  as  follows: 

1.  50  w/o  Nb205  - 50  w/o  La20j 

2.  75  w/o  NboO^  - 25  w/o  La 2° 3 

3.  40  w/o  La^Oj  - 40  w/o  AI1H3  - 20  w/o  CaO 

4.  75  w/o  _ 25  w/o  LU2O3 

5.  90  w/o  1^205  - 10  w/o  CaO 

6.  85  w/o  ^005  - 15  w/o  CaO 

7.  80  w/o  Ga20^  - 20  w/o  Cao 

We  have  succeeded  to  date  in  preparing  glass  samples  from  two  of  tae 
compositions.  A single  sample  about  3/16-inch  diameter  has  been  obtained 
from  i he  50  w/oLaoOn  - 50  w/o  composition.  The  sample,  which  fractured 

on  cooling  because  of  differential  thermal  contraction  of  it  and  the  silica 
probe,  is  shown  in  Figure  12.  The  gl  iss  is  a ligat  amber  in  color  and  appears 
to  be  free  of  bubbles  or  other  serious  flaws.  As  of  this  writing,  limited 
attempts  have  failed  to  duplicate  the  earlier  result.  It  is  suspected  that 
difficulties  in  obtaining  high  enough  supe riiea t ing  temperatures  are  responsi- 
ble for  the  inability  to  duplicate  the  result. 

Very  good  quality  boules  of  1/4  inch  or  slightly  larger  diameter  have 
been  prepared  from  the  80  w/o  Gjv'3  - 20  w/o  Can  composition.  One  such  boule 
is  shown  in  Figure  13.  The  glass  is  cl^ar,  free  of  hubbies  and  cracks,  and  is 
light-greenish  or  bluish-grey  in  color.  The  cause  of  the  colors  of  these  two 
glasses  has  not  been  clearly  explained  as  of  this  writing.  They  were  produced 
too  recently  to  permit  other  than  visual  inspection.  Jeevaratnam  and  Glasser, 
Reference  9,  reported  glass  formation  in  the  Ga^t^  - 20  w/o  CaO  composition 
in  1961.  However,  their  samples  (20-40  mg)  were  about  1/50  the  mass  of  the 
present  samples  and  water  quenching  was  used  to  obtain  the  glassy  state;  air 
cooling  produced  crystalline  material . 
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CONCLUSIONS  AND  FUTURE  WORK 


The  experimental  work  performed  thus  far  has  resulted  in  the  prepara- 
tion of  new  glass  compositions  not  reported  heretofore  in  the  open  literature. 
Recent  experiments  which  have  resulted  in  the  formation  of  1/4-inch-diame t er 
glass  samples  from  two  compositions,  suggest  that  containerless  nelting  and 
cooling  as  envisioned  for  space  operations  is  of  real  technological  signifi- 
cance . 


Future  efforts  under  the  present  contract  will  be  concerned  primarily 
with  attempting  to  prepare  1/4-inch-diameter  glass  samples  of  good  quality 
from  the  remaining  compositions.  Techniques  will  be  refined  in  order  to 
achieve  higher  temperatures.  A spherical  reflector  has  been  constructed  for 
reducing  radiation  losses  from  the  samples  and  the  laser  unit  is  being 
modified  at  this  writing  to  provide  about  3 to  3-1/2  times  the  present 
beam  power  level.  Either  or  both  of  these  should  be  helpful  for  studying 
the  remaining  compositions.  Toward  the  end  of  the  contract  period 
it  is  planned  to  obtain  precision  measurements  of  the  Abbe  numbers  and 
refractive  indices  of  the  best  glass-forming  compositions. 

The  compositions  being  studied  are  all  very  simple  in  terms  of 
traditional  glass  practices,  none  of  them  containing  more  than  three  major 
constituents-  Future  efforts  should  be  concerned  with  more  complex  composi- 
tions, both  to  cover  a broader  range  of  optical  properties  and  to  enhance 
glass-forming  tendencies. 
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SUMMARY 


Manufacture  of  chalcogenide  glasses  in  space  will 
eliminate  many  of  the  causes  of  optical  non-homogeneity  and 
contamination  that  are  inherent  in  earth-bound  manufacture. 

A program  is  outlined  to  demonstrate  the  feasibility  of  various 
techniques  and  processes  that  will  be  utilized  to  manufacture 
chalcogenide  glasses  in  space.  Amorphous  character,  purity, 
and  homogeneity  parameters  are  being  investigated  at  various 
stages  of  the  glass  forming  process.  These  parameters  in 
meric  index  form  will  serve  Lo  provide  guidelines  for  the 
design  of  the  actual  melting  experiment  in  space,  and  for  the 
optimization  of  the  exact  chalcogenide  composition  to  be 
included  in  the  space  experiments. 


INTRODUCTION 

Chalcogenide  glasses  have  been  found  to  be  relatively 
good  infrared  transmitters  am  !.o  possess  good  strength, 
corrosion  resistance,  and  scale-up  potential  as  compared  to 
competing  systems.  The  present  disadvantages  of  earth 
manufactured  chalcogenide  systems  have  to  do  with  optical 
non-homogeneity  and  environmental  and  container  contamination. 


It  is  recognized  that  glass  making  in  the  environment 
of  an  in-space  earth  orbital  vehicle  has  the  potential  for 
eliminating  the  causes  of  optical  non-homogeneity  and  contamina- 
tion in  chalcogenide  systems.  Specifically,  space  manufacture 
provides  for  containerless  melting  in  a near  weightless  environ- 
ment. Manufacture  l.i  space  should  thus  eliminate  (1)  dissimilar 
optical  areas  in  the  chilled  glass  caused  by  separation  due  to 
iliiKROING  PA'*;  BIA.VK  NOT  FILM FD 
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a 1-G  earth  manufacture  environment,  (2)  contamination  from 
earth  melting  crucible  by  oxygen  and  other  elements  deleterious 
to  infrared  transmission,  and  (3)  heterogeneous  nucleation 
at  earth  melting  crucible /glass  interface  producing  crystalliza 
tion  of  certain  melt  compositions. 

By  overcoming  these  features  through  space  manufacture, 
it  will  be  possible  to  produce  a large  optical  quality  IR 
transmitting  glass  demonstrating  features  unequaled  in  earth 
manufacture  today.  The  value  added  to  the  glass  product 
regarding  improved  IR  transmission  characteristics,  precise 
dimensional  control  of  intricate  shapes  formed  during  melting, 
and  the  size  scale  up  potential  is  predicted  to  more  than 
justify  the  costs  incurred  in  space  manufacture. 

This  paper  outlines  a program  designed  to  demonstrate 
the  feasibility  of  various  techniques,  processes,  and  equip- 
ment that  will  be  utilized  to  manufacture  chalcogenide  glasses 
in  space.  Optimum  methods,  techniques  and  equipment  are 
being  defined  through  evaluation  of  amorphous  character, 
purity,  and  homogeneity  parameters  at  various  stages  of  the 
glass  forming  process  (i.e.,  from  the  raw  material  stage 
through  the  melt-quenching  stage).  However,  only  the  high 
temperature  process  involved  in  glass  forming,  supercooling 
from  a homogeneous  molten  condition,  must  be  carried  out  in 
space  to  take  advantage  of  contai.nerlessness  and  weightlessness 
The  preparation  for  melting  and  the  final  treatment  of  the 
material  for  an  optical  element  can  be  done  on  earth  without 
reducing  the  quality  of  the  space-melted  material. 

The  program  outlined  herein  will  not  only  determine  op- 
timum preparation  techniques,  but  will  also  serve  to  provide 
guidelines  for  the  design  of  the  actual  melting  experiment 
in  space,  and  for  the  optimization  of  the  exact  chalcogenide 
composition  to  be  included  in  the  space  experiments.  The 
glasses  prepared  on  earth  during  this  study  will  eventually 
be  compared  to  space  produced  glasses  (transmission  character- 
istics, etc.),  providing  a direct  measurement  of  the  value  of 
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space  processing.  The  current  IITRI  program  therefore  re- 
presents the  initial  phase  of  an  overall  systematic  effort 
to  insure  a high  probability  of  success  for  the  space  experi- 
ment . 

TEXT 

The  essential  elements  of  IITRI' s chalcogenide  glass 
space  processing  program  are  illustrated  in  Figure  1,  and  are 
detailed  in  the  following  sections. 

SAMPLE  PREPARATION  - EVALUATION  OF  TECHNIQUES 

Two  of  the  causes  of  optical  inhomgeneity  in  earth- 
manufactured  chalcogenide  glasses,  the  1-G  field  and  the 
presence  of  a crucible,  are  not  prerent  in  space  manufacture. 
Even  these  two  improvements  in  space  manufacture,  however, 
cannot  overcome  certain  deficiencies  that  might  exist  in  the 
precursor  sample  before  melting  in  space.  Therefore,  the 
major  emphasis  of  the  IITRI  program  is  to  ce’e  lop/evaluate 
compounding  and  mixing  techniques  that  will  yield  the  highest 
degree  of  purity  and  homogeneity  in  the  earth  melting  experi- 
ments. In  thxs  manner  the  actual  space-melting  experiments 
will  have  a very  high  probability  of  demonstrating  the  major 
overall  objective  of  this  program,  i.e.  that  space  manufacture 
provides  for  a degree  of  optical  quality  that  is  unattainable 
in  earth  manufacture. 

Accordingly,  very  pure  materials  are  being  prepared  by 
thorough  mixing  methods.  Chemical  vapor  deposition  (gas 
methods)  and  slurry  techniques  (liquid  methods)  are  being 
combined  with  clean  chamber  techniques  (mechanical  mixing 
in  a dry  box)  to  prepare  samples  for  melting.  To  insure 
the  success  of  the  program,  evaluation  of  purity  and  homogeneity 
is  being  made  prior  to  melting,  and  after  melting  by  the 
techniques  described  below.  The  optimum  batch  preparation 
technique  will  thus  be  determined  by  the  resulting  purity  and 
homogeneity  evaluations. 
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Our  initial  evaluations  are  being  conducted  for  the 
As-S  binary  system.  Standard  techniques  of  dry  powder 
mixing  and  melting  in  a sealed  silica  container  are  being 
performed  first  for  the  purpose  of  generating  baseline 
information  about  the  materials  and  processes.  More  elaborate 
techniques  for  more  complex  systems  such  as  Si-As-Te-Sb  will 
be  employed  to  improve  the  levels  of  homogeneity,  purity,  and 
amorphous  character  farther  downstream.  For  instance,  com- 
pounding high  melting  intermetallic  materials  such  as  SiAs2 
and  SiTe2  by  a cold  stage  vapor  deposition  technique  will 
minimize  evaporation  losses  and  smooth  melting  point  disparities 
between  the  various  elements  constituting  the  batch  composition. 

Also,  improvements  in  batch  homogeneity  may  be  attained  by 
employing  a liquid  slurry  technique  to  promote  more  uniform 
dispersion  of  raw  batch  particles. 

Final  batch  compositions  will  have  to  eventually  meet 
the  additional  constraint  that  they  must  be  transported  to  the  earth- 
orbital  laboratory.  Final  compositions  will  therefore  have 
to  be  formed  into  pellets  which  must  be  able  to  withstand, 
without  crumbling,  the  "g"  forces  associated  with  space 
vessel  acceleration  during  lift-off.  The  compositions  will 
therefore  be  shaped  into  cylindrical  pellets  (1  cm  dia,  1 cm 
long)  by  hot-pressing  in  a dry  box  up  to  6000  psi  at  very  low 
temperature  (150°C).  This  should  be  enough  (in  the  presence 
of  Te  and  As)  to  start  some  degree  of  sintering  without 
causing  any  contamination.  The  pressing  die  will  be  graphite 
or  graphite  lined  (oxygen  getter).  If  the  need  arises,  silicon 
shot  blasting  of  external  surfaces  will  be  performed  to  remove 
any  possible  contamination  from  the  graphite  pressing  die. 

MELTING  EXPERIMENTS  (TERRESTRIAL) 

The  purpose  of  the  earth-bound  melting  experiments  is 
twofold.  One  purpose  is  to  determine  the  experimental  para- 
meters of  time,  temperature,  vapor  pressure,  forming  method, 
etc.  to  be  designed  into  the  space  experiments . The  second 
is  to  manufacture  the  best  possible  quality  earth  bound  glass 
samples  for  comparison  with  the  space  manufactured  samples. 
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Accordingly,  three  glass  melting  methods  are  being  investi- 
gated: (1)  a conventional  silica  ampoule  method,  used  to 

provide  "reference  data,"  (2)  a hanging  support  method,  used 
to  investigate  the  effect  of  "crucible "/glass  contact  area 
during  melting,  and  (3)  levitation  melting.  Heating  and 
cooling  rate,  contact  extent,  firing  time,  fining  time,  and 
other  important  melting/quenching  parameters  are  being 
evaluated  using  the  hanging  support  method.  Levitation 
melting  simulates  the  actual  space  melting  configuration  in 
all  but  one  respect.  Containerless  melting  will  be  performed, 
but  the  1-G  gravitational  field  will  still  be  present. 

The  conventional  silica  ampoule  melting  method  entails 
containment  of  the  glass  batch  constituents  in  a sealed, 

"oxygen  free,"  thick-walled  silica  container.  The  sealed 
ampoule  is  then  heated  above  the  fusion  temperature  either 
in  a wire  wound  radiant  heating  tube  furnace,  or  within  an 
inductively  heated  susceptor.  During  melting  the  ampoule 
is  either  rotated  or  rocked  in  a cyclic  manner  to  promote 
homogenization.  The  ampoule  is  then  either  withdrawn  from 
the  furnace  chamber  for  cooling  or  cooled  in  place  to  form 
the  glass. 

The  hanging  support  method  of  melting  is  being  per- 
formed to  evaluate  glass  quality  as  a function  of  the  amount 
of  container  present  during  melting.  This  experiment  will 
thus  provide  data  on  techniques  and  equipment  that  are  directly 
applicable  to  the  space  melting  package.  The  hanging  support 
method  is  illustrated  in  Figure  2.  The  specimen  to  be  melted 
by  radiant  heating  is  contained  in  a vacuum/inert  gas  capsule, 
being  supported  in  a tungsten  cup  that  hangs  down  into  the 
furnace  hot  zone.  Extent  of  glass-container  contact  is 
controlled  by  the  cup  geometry.  The  capsule  will  be  quartz, 
with  and  without  an  getter  material.  Methods  of  controlling 
the  equilibrium  vapor  pressure  in  the  heated  capsule  are  being 
investigated.  After  melting,  the  glass  is  formed  by  either 
in-place  radiation  cooling,  or  by  a drop/quench  method. 
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Levitation  melting  is  illustrated  in  Figure  3.  The 
molten  sample  is  suspended  by  acoustic  forces  generated  by 
the  levitator.  This  method  completely  eliminates  container 
contamination  and  possible  heterogeneous  nucleation  sites,  thus 
providing  direct  prediction  of  the  levels  of  purity  and 
amorphousness  attainable  in  space.  However,  in  earth-bound 
levitation  melting  the  1-G  gravitational  field  is  still 
present.  Therefore  the  homogeneity  of  terrestrially  melted 
chalcogenides  will  mainly  be  a function  of  the  homogeneity  of 
the  starting  materials  (raw  batch).  This  investigation  is 
being  conducted  through  a NASA  funded  cooperative  effort 
he tv ecu  IITRI  and  Intersonics . * 


EVALUATION  AND  COMPARISON  OF  METHODS  OF 
BLENDING  AND  MELTING 

A major  objective  of  the  earth  melting  experiments  is 
to  develop  techniques  and  methods  of  mixing  and  melting  that 
will  insure  a high  probability  of  success  in  the  subsequent 
space  melting  experiments.  This  can  be  accomplished  by 
applying  some  pertinent  form  of  merit  index  to  the  results  of 
the  earth  melting  experiments,  and  extrapolating  to  conditions 
of  space  manufacture.  IITRI  is  employing  a so-called  "ACH" 
factor  for  this  purpose;  i.e.  degrees  of  Amorphousness, 
Contamination,  and  Homogeneity.  Utilizing  the  results  of  the 
various  melting  techniques,  the  ACH  factor  will  be  related  to 
'' tegree  of  containerlessness . " This  analysis  will  then  be 
extrapolated  to  the  degree  of  containerlessness  expected  in 
'.be  space  melting  experiments  (i.e.  stinger-glass  contact), 
as  illustrated  in  Figure  4.  The  extrapolated  ACH  factor  will 
thus  represent  the  expected  quality  of  the  space  manufactured 
glass,  as  measured  by  parameters  describing  homogeneity, 
contamination,  and  lack  of  crystallization.  In  this  manner, 
the  prediction  of  the  success  of  the  space  manufacture  mission, 
as  measured  by  improved  quality  glass,  may  be  possible. 


*R.  R.  Whymark,  Intersonics, 


Inc.,  Chicago,  IL 
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The  evaluation  stage  of  IITRI' s research  is  being 
conducted  at  various  distinct  points,  both  after  batch  compo- 
sitions have  been  prepared  and  after  the  earth  melting 
experiments.  Emphasis  is  placed  on  techniques  indicating 
optical  quality,  contaminants,  inhomogeneities,  crystalliza- 
tion, and  strength.  "Standard"  earth  manufactured  chalcogenide 
glasses,  such  as  Texas  Instruments  Corp.  glass  TI  #1173, 
are  being  employed  to  establish  "benchmark  data."  These  same 
evaluation  techniques  can  be  subsequently  used  to  compare 
space-and-earth-manufactured  chalcogenide  glasses  as  an 
indicator  of  the  success  of  the  overall  NASA  program. 

Optical  quality  will  be  studied  by  analyzing  trans- 
mission characteristics  and  absorption  characteristics.  The 
transmission  characteristics  will  be  measured  using  an 
infrared  spectrophotometer.  The  absorption  measurements  will 
be  made  by  measuring  the  energy  absorbed  by  the  glasses  being 
irradiated  with  a 10. ou  CO2  laser. 

Low  level  impurities  causing  absorption  bands  (pri- 
marily O2  and  other  interstitials  N2,  C,  H)  are  being  detected 
by  Charged  Particle  Activation  Analysis  (CPAA)  and  Charged 
Particle  X-ray  Spectroscopy  (CPXS).  These  techniques  employ 
a van  de  Ctaaff  accelerator  and  were  developed  at  IITRI. 

Both  techniques  possess  characteristics  ideally  suited  for 
trace  impurity  detection  in  chalcogenide  glasses,  generally 
in  concentrations  in  the  parts  per  million  range  or  below. 

This  technique  has  been  employed  to  generate  baseline  data 
on  oxygen  impurity  concentrations  in  our  initial  chalcogenide 
compositions.  Figure  5 illustrates  oxygen  peaks  obtained 
by  CPAA  for  TI  #1173  (5  ppm  C^)  and  a chalcogenide  prepared 
by  IITRI  using  as  yet  non- improved  preparation  techniques. 
Measurements  on  relatively  impure  chalcogenides  provide 
the  necessary  bracketing  data  required  for  the  CPAA  technique. 
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Striae  and  inhomogeneities  are  observed  using  optical 
microscopy  and  scanning  electron  microscopy  (SEM) . Polished 
specimens  are  optically  examined  under  low  magnification. 

Micro- inhomogeneities  are  determined  using  the  electron 
microscope.  This  technique  is  being  used  to  determine  the 
homogeneity  of  a mixed  powder  batch  prior  to  melting,  as 
well  as  the  homogeneity  of  the  melted-quenched  product. 

For  evaluation  of  amorphous  character,  x-ray  diffrac- 
tion and  electron  microscopy  techniques  are  utilized  to  deter- 
mine the  possible  extent  of  crystalline  inclusions  in  the 
glass  samples. 

SPACE  MELTING  EXPERIMENTS 

Throughout  the  IITRI  program  cognizance  of  the  require- 
ments of  the  actual  in-space  melting  experiments  is  being 
maintained.  For  instance,  there  are  several  heating  methods 
that  are  presently  being  considered  for  installation  on 
earth-orbital  vehicles;  electron  beam  melting,  induction 
heating,  and  radiation  heating  in  an  electric  wire-wound 
furnace.  The  IITRI  program  employs  radiation  heating. 

However,  the  basic  techniques  of  mixing,  sample  preparation, 
support,  and  handling  that  are  being  developed  will  be  appli- 
cable to  any  of  the  heating  modes  under  consideration. 

Awareness  is  also  being  maintained  regarding  the  methods 
of  sample  support  and  containment  that  are  envisioned  for  the 
actual  in- space  experiments.  IITRI* s work  is  amenable  to  the 
stinger  methods  and  acoustic  manipulator  support  methods  being 
considered. 

The  success  of  the  overall  NASA  program  depends  upon 
how  well  the  requirements  of  the  space  melting  experiments 
can  be  established  in  the  present  earth  bound  experiments. 

When  the  correct  parameters  are  established  in  the  IITRI  pro- 
gram, there  will  be  a high  degree  of  confidence  that  the 
subsequent  in-space  experiment  will  produce  high  quality 
optical  glass  with  scale-up  potential.  Judgement  of  the 
quality  of  space  manufactured  glass  will  be  made  by  comparison 
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of  properties  with  corresponding  properties  of  glass  prepared 
during  the  current  program  by  best  possible  earth  manufacturing 
methods. 

CONCLUSION 

A non-oxide  chalcogenide  glass  is  being  evaluated  in 
IITRl's  program  to  demonstrate  two  potentials  of  space  manu- 
facture: 1)  technical  improvements  (improved  infrared  trans- 

mission) through  space  manufacture  where  there  is  no  need 
for  a melting  crucible  and  there  are  very  low  gravitational 
forces,  and  2)  the  monetary  value  added  to  this  improved 
glass  due  to  the  technical  improvement  (i.e.  gocd  amorphous 
character,  very  low  contamination,  and  a highly  homogeneous 
chilled  form  with  size  scale-up  potential.) 


Si-As-Te-Sb 
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FIGURE  2 HANGING  SUPPORT  MELTING 
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FIGURE  3 LEVITATION  MELTING 
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FIGURE  4 "ACH"  FACTOR  CONCEPT 
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SUMMARY 


Directional  solidification  processes  have  been  applied  to  a wide  variety  of 
eutectic  compositions  resulting  in  materials  with  interesting  mechanical.,  optical, 
electronic  and  magnetic  properties.  The  results  of  such  investigations  have  led  to 
improvements  in  the  mechanical  properties  in  high  temperature  alloy  systems.  These 
studies  have  applied  the  directional  solidification  technique  to  off-eutectic  com- 
positions to  obtain  a greater  latitude  in  composition. 

The  unique,  but  less  intensively  studied,  nonstructural  properties  have  awaited 
the  development  of  improved  techniques  of  solidification  which  are  capable  of  pro- 
viding better  microstructures  upon  which  a widespread  use  of  eutectic  compositions 
with  directionally  aligned  structure  depends. 

The  possibilities  of  using  the  low-gravity  space  environment  for  the  processing 
of  directionally  solidified  materials  in  order  to  remove  the  limitations  imposed  by 
the  1-g  earth  environment  have  led  to  a careful  evaluation  of  the  directional 
solidification  process  and  the  results  commonly  obtained.  Defects  in  the  regularity 
of  the  microstructure  ha^e  been  identified  as  one  cf  the  most  important  areas  where 
present  processing  technology  needs  to  be  improved.  One-g  environment  material 
processing  must  also  be  carefully  characterized  before  it  can  be  determined  if 
zero-g  processing  will  produce  significant  benefits  in  eutectic  and  off-eutectic 
s oliaif i cation . 


It  is  suggested  in  this  paper  that  a combination  of  experimental  and  analytical 
thermal  studies  will  be  required  to  optimize  the  solidification  process  in  order  to 
minimize  the  structural  defects  which  occnr  due  to  present  processing  techniques. 


* Paper  presented  by  F.  C.  Douglas 
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INTRODUCTION 


Eutectics  can  be  uni direct Tonally  solidified  to  form  composite  structures  which 
contain  rods  of  one  phase  in  another  or  alternating  plates  of  the  two  phases.  It 
has  been  shown  that  it  is  also  possible  to  vary  the  relative  amounts  of  the  two 
phases  by  the  controlled  solidification  of  off -eutectic  compositions  (Ref,  l). 

The  natural.,  aligned  composites  which  result  from  the  unidirectional 
solidification  of  eutectics  have  been  found  to  have  exceptional  strength  and  are 
stable  at  elevated  temperatures.  The  directionality  of  their  structures,  whether 
rod-  or  plate-like,  produces  anisotropic  properties  which  can  be  used  to  advantage 
in  a variety  of  applications , 

Improvements  in  the  mechanical  properties  obtained  by  directional  solidification 
of  eutectic  compositions  have  led  to  investigations  of  a wide  variety  of  eutectic  as 
well  as  off -eutectic  compositions  ~n  which  an  aligned  microstructure  could  be 
obtained.  Such  investigations  have  been  largely  generated  by  the  need  for  improved 
high  strength,  high  temperature  materials  for  use  in  gas  turbines.  In  addition,  a 
number  of  studies  have  been  performed  on  materials  which  have  exhibited  interesting 
optical,  electronic  or  magnetic  behavior. 

As  the  results  from  a number  of  different  compositions  subjected  to  directional 
solidification  and  subsequent  evaluation  have  grown,  it  has  become  increasingly 
clear  that  a significant  effort  must  be  made  in  the  area  of  process  control.  Obtain- 
ing high  quality,  low  defect,  continuous  microstructure  appears  to  be  the  key  to 
producing  high  quality  materials.  Coupling  this  requirement  with  the  production  of 
complex  shapes  makes  the  problem  of  process  control  even  more  difficult  and  this 
difficulty  in  compounded  in  some  cases  by  the  necessity  of  operating  at  temperatures 
up  to  1500° C for  superalloy  turbine  blade  casting,  or  higher  in  the  case  of  ceramic 
systems. 

The  entire  process  of  solidification  and  process  control  has  come  under 
scrutiny  by  virtue  of  the  eutectic  solidification  experiments  performed  in  prepara- 
tion for  and  in  the  orbiting  space  laboratory.  In  particular,  the  study  of- defect 
structures  and  the  parameters  which  control  them  have  been  investigated.  The  lew- 
gravity  environment  of  a space  laboratory  provided  a unique  opportunity  to  process 
materials  without  some  of  the  hindrances  of  a 1-g  environment. 


DIRECTIONAL  SOLIDIFICATION 


Solidification  Techniques 

The  typical  procedure  used  to  directionally  solidify  a material  has  been  to 
place  the  material  in  a suitable  crucible,  melt  it  in  a furnace,  and  then  withdraw 
the  crucible  of  molten  material  from  the  furnace  at  a constant  rate.  Various 
arrangements  of  power  input  and  cooling  have  been  used  to  provide  desired  conditions 
at  the  colid-liquid  interface,  s\ich  an  maintaining  a high  thermal  gradient  in  the 
liquid  at  the  solid-liquid  interface  position.  Figure  1 illustrates  a system  used 
for  hi  ;h  melting  point  alloys  which  producer  a hirh  thermal  gradient  in  the  melt. 

It  consists  of  an  induction  heating  system  with  variable  spacing  between  the  coV 
elements  to  concentrate  the  power  input,  and  a flowing  water  quench  system  for  heat 
extraction.  Resistance-heated  furnaces  with  similar  arrangements  are  also  used,  but 
generally  lack  the  power  input  capability  of  the  induction  system.  Thermal  fluctua- 
te nr  at  the  solidifying  interface  rust  be  eliminated  in  order  to  obtain  good  micro- 
structure.  This  generally  necessitates  the  ucc  of  a thermal  monitoring  and  feedback 
control  system  to  achieve  good  results. 

The  microstructure  of  a directionally  solidified  eutectic  alloy  from  such  a 
furnace  is  illustrated  in  Fig.  f. 

Directional  micros  true ture  can  also  be  obtained  using  a system  which  traverses 
a molten  none  through  the  ingot.  Different  methods  of  producing  molten  zones  are 
illustrated  in  Figs.  3,  4,  6 and  7.  A traveling  zone  has  the  advantage  that  only 

a small  portion  of  the  total  material  is  molten  at  any  one  time.  This  shortens  the 
time  that  the  molten  material  is  in  contact  with  a crucible.  Thermal  gradients  can 
be  achieved  which  are  high  enough  to  study  off-eutectic  solidification,  as  illus- 
trated in  Fig.  8,  which  shows  the  thermal  profile  obtained  in  a lead-tin  eutectic 
melt  using  the  zone  furnace  system  shown  in  Fig.  7. 

An  interesting  method  which  lends  itself  tc  production  of  shaped  pieces  is  the 

edge-defined  film-fed  growth  process  developed  at  Tyco  Laboratories,  Inc.  This  is 
illustrated  in  Fig.  9*  The  shape  of  the  solid  is  determined  by  the  outside  dimen- 
sions of  a die  which  feeds  the  solidifying  form  by  capillary  action.  In  order  that 
capillary  feeding  will  occur,  the  molten  material  must  wet  the  die  material. 

Kany  laboratories  are  engaged  in  the  study  of  directionally  solidified 
materials.  A recent  compilation  (Ref.  ?)  provides  a directory  which  was  current  in 
October  1973. 
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Materials  Studies 


The  widespread  interest  which  has  developed  in  the  area  of  composite  structures 
as  produced  by  directional  solidification  has  naturally  led  to  the  investigation  of 
many  alloy  compositions.  A list  of  the  eutectic  compositions  which  have  been 
studied  is  contained  in  Refs.  2 and  3*  Reference  3 provides  excellent  reviews  of 
the  physical  properties  of  composite  materials.  The  mechanical  behavior  of  unidirec- 
tionally  solidified  composites  have  been  given,  the  nonstructural  applications  are 
reviewed,  and  the  status  of  the  theoretical  under standing  of  the  solidification 
process  is  presented. 

An  example  of  a structural  material  based  on  a directionally  solidified  pseudo- 
binary eutectic  is  the  Ni-Al-Cb  system.  The  NijAl-Ni^Cb  eutectic  was  used  as  a 
starting  point  and  the  amounts  of  Ni,  A1  and  Cb  were  varied  with  the  addition  of  Cr 
to  optimize  the  desirable  properties  such  as  high  strength  and  corrosion  resistance 
at  high  temperatures.  These  were  achieved  while  maintaining  an  aligned  composite 
micro  structure.  In  addition,  as  pointed  out  in  Ref,.  3,  the  limitations  imposed  by 
the  material,  the  composition,  and  the  crystallography  can  be  surpassed  because  of 
the  versatility  of  the  directional  solidification  technique.  One  can,  in  fact, 
obtain  complex  in  situ  grown  composites  having  any  number  of  elements  in  order  to 
get  a material  possessing  a set  of  properties  chosen  in  advance. 

The  review  papers  in  Ref.  3 also  discuss  the  r onstractural  uses  of  directionally 
solidified  eutectics.  A magnetoresistive  material  has  been  made  by  directionally 
solidifying  the  pseudo-binary  eutectic  InSb-NiSb.  In  this  material,  the  eutectic 
microstructure  consists  of  NiSb  conductive  rods  in  a matrix  of  InSb.  When  the  flow 
of  current  through  the  material,  the  direction  of  the  rods,  and  an  applied  magnetic 
field  are  all  at  right  angles,  a maximum  magnetoresistive  effect  appears,  caused  by 
the  short-circuiting  of  the  induced  Hall  voltage  by  the  NiSb  rods.  This  material 
also  makes  an  effective  infrared  polarizer. 

An  example  of  an  optical  application  is  the  formation  of  birefringent  materials 
fr rn  isotropic  materials  by  directional  solidification.  The  system  NaCl-NaF  has 
been  used  to  form  a uniaxial  material  from  phases  which  by  themselves  are  isotropic. 
The  advantage  realized  is  that  the  wavelength  region  where  the  material  is  effective 
can  be  selected  because  of  the  control  over  the  size  of  one  separated  phase  elements 
through  the  rate  of  solidification.  Thus,  quarter -wave  plates  and  polarizers  can 
be  constructed  for  regions  of  the  spectrum  where  no  natural  materials  are  available. 

A final  example  of  the  versatility  of  solidification  is  the  creation  of  filters 
of  uniform  poiosity  and  passage  size  by  solidification  of  a mcnotectic  system.  In 
such  a system,  a homogeneous  liquid  transforms  to  a liquid  plus  a solid  phase,  from 
which  the  liquid  can  then  be  removed,  leaving  a porous  structure.  Such  filters  are 
now  made  under  the  tradename  of  Nuclepore. 


Orbiting  Space  Laboratory  Studies 


Some  preliminary  solidification  studies  have  been  performed  on  the 
copper -aluminum  eutectic  using  the  materials  processing  facility  on  board  the  pres- 
ently orbiting  space  laboratory.  Because  of  the  nature  of  the  experiments,  these 
studies  have  not  been  conclusive  in  determining  if  low  gravity  produces  any  gross 
effects  in  the  raicrostructure  which  consists  of  alternating  parallel  plates  of  A1 
and  CuAlg.  It  is  known  that  such  factors  as  changing  growth  rate  and  solid-liquid 
interface  curvature  predominate  in  effecting  the  defects  in  the  microstructure. 

Other  factors  such  as  gravity-driven  convection  may  be  second-order  effects  as  far 
as  affecting  the  microstructure  is  concerned.  For  this  reason,  a high  degree  of 
control  over  the  solidification  process  must  be  exercised  first  before  tne  advantages 
which  zero-g  processing  could  provide  can  be  evaluated.  It  should  be  noted  that  in 
off -eutectic  solidification  the  effect  of  convection  may  be  more  important  because 
cf  a need  for  an  undisturbed  boundary  layer  at  the  solid-liquid  interface. 

To  investigate  the  nature  of  the  control  which  must  be  exercised  to  eliminate 
such  problems  as  nonconstant  growth  rate  and  nonplanar  solid-liquid  interface  shape 
jn  composite  micros truct.ural  materials,  a series  of  experiments  has  been  performed 
on  rod-  and  plate-forming  eutectics  under  llASk  Contract  NAS8 -29669  at  the  United 
Aircraft  Research  Laboratories.  The  objective  of  these  experiments  was  to  evaluate 
the  feasibility  of  using  the  space  environment  for  producing  eutectics  of  unique 
characteristics  of  value  on  earth.  The  experiments  have  investigated  the  nature  of 
the  microstructuxe  obtained  under  processing  such  as  simple  solidification  of 
cylindrical  rod  specimens,  solidification  by  passing  a molten  zone  through  a rod, 
formation  of  thin  sheets  of  material,  solidification  around  obstacles,  and  an  attempt 
to  evaluate  the  effect  of  crucible  wall  thickness.  In  addition  to  working  with 
eutectic  compositions,  off -eutectic  solidification  studies  have  been  performed. 

' ViC * roru.1t  stands  cut  which  seems  to  be  a common  problem  to  almost  all 
solidification  systems  in  which  a molten  ingot  is  withdrawn  from  a furnace  into  a 

region  where  it  solidifies.  This  is  that  the  rate  of  solidification  is  continually 
changing,  which  is  a known  cause  of  defects.  For  long  ingots,  it  becomes  nearly 
constant  during  part  of  the  operation,  but  not  over  periods  long  enough  to  produce 
regions  of  highly  perfect  microstructvire. 

A second  common  problem  being  studied  analytically  and  experimentally  results 
from  the  finite  heat  conduction  into  and  out  of  materials  subjected  to  the  solidifi- 
cation process.  The  problem  is  the  curvature  of  the  solid -liquid  interface.  The 
direction  of  growth  of  the  phases  making  up  the  microstructure  is  perpendicular  to 
the  solid-liquid  interface.  If  this  is  not  planar,  then  new  phase  units  must  be 
initiated  or,  conversely,  same  must  disappear,  depending  on  the  curvature,  with  the 
result  that  a significant  volume  of  defect  structure  appears. 

Hie  changing  of  the  rate  of  solidification  appears  to  be  significantly 
decreased,  and  may  be  eliminated,  by  use  of  a traveling  molten  zone.  This  technique 
also  enables  one  to  generate  high  thermal  gradients  which  are  needed  to  obtain  an 
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aliened  composite  structure  in  off -eutectic  compositions,  and  which  may  contribute 
to  providing  a plane  solid-liquid  interface.  The  effect  of  the  sagging  in  the 
molten  zone  due  to  gravity  still  has  not  been  determined. 

Eutectic  micro structure  seems  to  be  able  to  maintain  integrity  to  a large 
extent  when  forced  to  grow  around  an  obstacle,  provided  that  the  rate  of  change  of 
direction  is  not  too  high.  Again,  the  success  which  can  be  achieved  in  this  type 
of  experiment  depends  on  the  degree  to  which  the  flow  of  heat  can  be  controlled 
through  the  solidifying  ingot. 

The  effect  of  container  thicknesses  on  the  micro structure  of  a directionally 
solidified  ingot  is  also  being  investigated.  It  is  of  interest  due  to  the  control 
it  exerts  over  the  heat  transfer  into  and  out  of  the  ingot.  In  addition,  for  heavy 
materials,  the  container  thickness  must  be  great  enough  to  support  the  weight  of 
the  molten  material,  and  usually  acts  is  a very  good  insulator.  In  a zero-gravity 
environment,  the  container  could  be  very  thin.  In  order  to  determine  whether  a 
thin  container  in  fact  is  desirable  requires  that  the  container  be  treated  as  a 
thermal  transfer  device  and  optimized  for  the  production  of  the  desired  structure 
of  the  ingot  it  contains. 

In  support  of  the  experimental  program  to  investigate  the  effects  on  eutectic 
microstructure  cl'  various  processing  operations,  a program  to  coordinate  experi- 
mental investigations  and  analytical  descriptions  generated  by  solutions  to  the 
heat -i low  equations  has  been  started.  The  present  effort  in  this  area  is  to  obtain 
an  operational,  3-dimensional  numerical  program  to  solve  the  heat-flow  equations, 
and  to  also  obtain  an  accurate  thermal  description  of  the  experimental  systems  in 
which  the  materials  are  directionally  solidified. 


CONCLUSIONS 


Significant  progress  has  been  made  in  producing  controlled  micro structures  in 
a wide  variety  of  compositions,  starting  from  the  binary  metal  allays.  Materials  in 
which  a controlled,  directional  microstructure  has  been  obtained  include  ceramics, 
multicomponent  metals,  semiconducting  systems,  superconductors,  and  noneutectic 
compos it ' ct s • Mechanical,  electrical,  magnetic  and  optical  properties  have  been 
demonstrated  which  are  a function  of  the  cer trolled  microstructure  in  the  material. 

Areas  where  further  effort  appears  to  be  needed  are  concerned  with  processing 
technology,  where  a combination  of  analytical  and  experimental  efforts  is  suggested 
as  the  most  rapid  way  to  make  progress  in  obtaining  the  desired  fabricated  shapes 
with  the  appropriate  microstructure.  The  mechanisms  by  which  defects  are  introduced 
into  the  micro  structure  and  the  means  to  eliminate  them  appear  to  be  a fertile  area 
for  progress. 
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In  order  to  improve  the  processing  technology,  supporting  programs  in  which  the 
thermal  properties  of  the  material  being  processed  are  required*  In  particular,  the 
determination  of  the  thermal  properties  of  compositions  when  molten  are  now  unavail- 
able. This  type  of  data  forms  the  input  for  the  analytical  portion  of  a solidifica- 
tion optimization* 
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FIGURE  1.  HIGH  THERMAL  GRADIENT  DIRECTIONAL 
SOLIDIFICATION  APPARATUS. 


FIGURE  2.  TRANSVERSE  SECTION  OF  INGOT  A72-1121 

DIRECTIONALLY  SOLIDIFIED  IN  INDUCTION- 
HEATED  FURNACE. 


VERTIC/  L SECTION  VIEW  THROUGH  CENTER  Of  CYLINDRICAL  FURNACE 


FIGURE  3.  SCHEMATIC  OF  DIRECTIONAL  SOLIDIFICATION 
EQUIPMENT  FOR  CERAMIC  OXIDE  EUTECTICS. 


SlOf  V!£»  VE*T*CAL  CENTER  SECTION 


FIGURE  4.  TUNGSTON  HEATER  FOR  ZONE  MELTING  OF 
EUTECTIC  RODS. 
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FIGURE  5 


WIRE  IMMERSION  HEATER  FOR  FLOAT  ZONE  EUTECTICS 


top  vit»  through  milt 
rSCCTlOM  A-A> 


FIGURE  6.  PLATINUM  OR  Ir  STRIP  HEATER  FOR  FLOAT 
ZONE  EUTECTICS. 


FIGURE  8.  THERMAL  PROFILE  MEASURED  IN  A Pb-Sn 
ALLOY  USING  A ZONE -MELTING  FURNACE 


MELT 


FIGURE  9.  EDGE-DEFINED  FILM  FED  GROWTH  SYSTEM 
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CONCENTRATION  CHANGES  DURING  EUTECTIC  SOLIDIFICATION 

By 

Blliyar  N.  Bhat 

Process  Engineering  Laboratory 
George  C.  Marshall  Space  Flight  Center 
Marshall  Space  Flight  Center,  Alabama  35812 

SUMMARY 

Thermotransport  (or  thermal  diffusion,  Soret  effect)  is  shown  to  cause 
significant  amount  of  segregation  during  the  directional  solidification  of 
aluminum-copper  eutectic.  The  concentration  changes  are  predicted  quan- 
titatively and  they  are  a function  of  temperature  gradient,  rate  of  melting 
and  solidification  and  the  time  of  soaking.  There  is  a fair  agreement  bet- 
ween the  experiments  and  calculations.  A process  is  suggested  where 
these  concentration  changes  may  be  minimized. 


INTRODUCTION 

Eutectic  solidification  experiment  (M566)  consists  essentially  in  (1) 
partially  melting  a single  grain  A^Cu-Al  eutectic  alloy,  (2)  holding  it  in 
the  temperature  gradient  for  one  hour  (soaking)  and  (3)  directionally  solid- 
ifying it  at  a predetermined  rate.  The  objective  of  this  experiment  is  to 
determine  the  effect  of  zero  gravity  conditions  of  the  Skylab  on  the  growth  of 
lamellar  eutectic.  This  is  done  by  comparing  the  eutectic  structures  grown 
under  1-G  conditions  on  ground  and  0-G  conditions  in  the  Skyiab  (SL-3  and 
SL-4) 


It  is  well  known  that  good  lamellar  structures  can  be  obtained  by  use 
of  large  temperature  gradients  (G)  and  slow  rates  of  solidification  (R)  (1 ,2). 
However,  under  these  conditions  thermotransport  also  becomes  significant 
(3,4).  Thermotransport  is  a phenomenon  where  atoms  migrate  in  the  presence 
of  a temperature  gradient.  This  can  lead  to  segregation  effects  which  may 
bo  slanificant  in  zero  gravity  renditions  where  convective  mixing  is  nearly 
absent.  Temperature  gradients  present  in  M566  experiment  are  rather  large 
and  hence  significant  amount  of  thermotransport  may  be  expected.  In  Al-Cu 
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system,  copper  atoms  are  known  to  migrate  to  the  colder  regions  (5)  and 
affect  the  structure  of  directionally  solidified  Al-A^Cu  eutectic  (4).  This 
paper  presents  a study  of  concentration  changes  in  M566  experiment  due 
to  thermotransport.  A method  is  suggested  by  which  these  concentration 
changes  can  be  corrected. 


t 


EXPERIMENTAL 


The  aluminum-copper  eutectic  specimens  were  housed  in  cartridges 
and  positioned  in  the  multipurpose  electric  furnace.  (Details  of  the  cart- 
ridges and  the  furnace  may  be  found  in  reference  (6).  It  took  approximately 
two  and  a half  hours  to  heat  up  and  melt  and  two  hours  to  solidify  it 
completely  with  an  in  between  soak  period  of  one  hour.  Only  about  6.5  cm 
length  of  the  sample  was  remelted  and  directionally  solidified.  The  thermal 
analysis  of  the  experimental  package  showed  that  the  temperature  gradient 
in  liquid  metal  ahead  of  the  interface  was  4^0  per  cm  (6).  After  the  experi- 
ment, the  cartridges  were  brought  back  to  earth  and  X-rayed.  Each  sample 
was  examined  and  the  composition  along  the  length  of  the  sample  was 
determined  by  use  of  X-ray  fluorescence  technique.  (This  was  done  by 
Georgia  Tech) . 

Skylab  experiments  were  also  performed  on  earth  in  the  laboratory  to 
provide  a comparison  with  the  Skylab  results.  A few  special  experiments 
were  performed  to  determine  the  variation  of  temperature  at  the  solid-liquid 
interface  during  the  soaking  period.  This  was  accomplished  by  introducing 
a thermocouple  through  the  threaded  end  of  the  sample  and  positioning  it  in 
such  a way  that  the  tip  of  the  thermocouple  coincided  with  the  solid-liquid 
interface.  Experiments  were  run  in  the  usual  manner  and  the  thermocouple 
readings  were  recorded  during  the  soak  period.  These  data  are  presented 
in  the  next  section.  After  the  run,  the  samples  were  examined  metallo- 
graphicaliy. 


RESULTS  AND  DISCUSSION 


X-ray  radiographs  indicated  that  there  was  some  segregation  of  copper 
at  the  remelt  interface.  Optical  microscopy  revealed  that  this  region  of  seg- 
regation was  0.01  to  0.03  cm  thick.  The  structure  of  the  interface  is  shown 
in  figures  la  and  lb.  It  consists  mostly  of  0 phase.  The  remainder  being  a 
phase.  The  structure  is  columnar  in  the  interface  region  but  is  lamellar  on 
either  side  of  it. 

Figure  2 shows  the  variation  in  the  temperature  at  the  remelt  interface 
during  the  soak  period.  It  is  observed  that  the  temperature  of  the  remelt  inter- 
face actually  rises  during  the  soak  period,  but  slowly.  The  rate  of  rise  and 
the  amount  of  variation  in  the  temperature  is  different  for  different  samples 
and  it  varied  by  a factor  of  two  or  three.  There  seems  to  be  a correlation 
between  the  variation  of  temperature  in  the  heat  leveller  of  the  furnace  (ref- 
erence 6)  and  that  of  the  remelt  interface.  A larger  variation  in  temperature 
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leads  to  a wider  interface  region  and  vice  versa. 

The  above  observations  can  be  explained  quantitatively  on  the  basis 
ot'  thermotransport  in  the  liquid  aluminum-copper  eutectic  alloy  during 
melting  and  soaking.  From  reference  4,  the  thermal  diffusion  coefficient 
of  copper  in  this  alloy  is 

0'  = 6.21  X 10"8  cm2/sec-°C 

and  the  flux  due  to  thermotransport  is 

- -0"  5 X]  X2  ® 

where  c.  Is  the  density,  Xi*X2  are  atom  fractions  of  copper  and  aluminum 
respectively.  The  relative  importance  of  thermotransport  in  the  solidification 
of  aluminum -copper  eutectic  alloy  is  given  by  the  expression 

D"  X ^ G 

D = Thermal  diffusion  flux  « jjj 

Rate  of  Solidification  (R)  (3) 

Figure  3 shows  the  dependence  of  this  ratio  on  the  rate  of  solidification. 

The  effect  of  thermal  diffusion  is  negligible  for  large  values  of  R (>  2 X ICr*  cm/sec) 
It  becomes  appreciable  for  lower  rates  of  R-  For  R =2.15  X 10  cm/scc,  thermal 
diffusion  is  so  high  that  solid  0 will  form  during  solidification.  For  inter- 
mediate values  of  R,  the  contribution  from  thermal  diffusion  is  such  that  the 
solid  formed  will  be  richer  in  copper  and  columnar  grains  of  0 phase  are 
obtained  and  the  inter-columnar  space  is  filled  by  u phase.  This  appears  to 
be  the  case  with  the  Skylab  samples. 

The  rate  of  solidification  (or  melting)  can  be  calculated  from  the  following 
expxession , 


(1) 


(2) 


„ _ dZ  __  dT/dt  _ dT/dt 

K dt  dTTdZ  G ... 

(4) 

where  Z is  the  direction  of  solidification,  T is  the  temperature  and  t is  the 
time.  Since  G is  known  to  be  4 > cm,  R can  be  determined  from  the  riot  of 
Tvs  t (Figure  2).  It  may  be  observed  that  T-t  curve  does  not  reach  a plateau 
during  the  soak  period.  The  rate  of  heating  is  higher  in  the  early  part  of 
soak  period  and  falls  to  lower  values  toward  the  end  of  the  soak  period  (Figure  2). 
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An  average  rate  of  melting  is*  1.15  x 10  cm/sec.  This  occurs  for  a period 
of  approximately  40  minutes.  Hence,  the  total  movement  of  interface  (which 
corresponds  to  the  thickness  of  the  interface  region)  is  0.028  cm  (or  4 - 2 cm 
at  150  X).  This  value  is  in  good  agreement  with  the  experimental  values  of 
interface  thickness  which  are  4 * 0 cm  for  SL-3  sample  and  4-7  cm  for  the 
ground  base  sample  respectively. 

Referring  to  Figure  3,  the  contribution  due  to  thermotransport  is  approx- 
imately 20%  when  the  melting  rate  is  10  cm/sec.  Hence,  the  solid  formed 
at  the  remelt  interface  will  have  21  atom  percent  copper  which  corresponds 
to  38*5  wt . % copper  (or  63%  0 phase).  Actual  concentration  of  copper  will 
be  higher  since  some  segregation  is  already  present  before  the  soak  period  . 

This  segregation  is  also  caused  by  thermotransport  which  occurs 
during  the  melting  process  when  the  solid-liquid  interface  moves  from  the 
heat  leveller  to  its  final  position.  (This  takes  approximately  80  minutes). 

It  is  interesting  to  note  that  the  interface  is  melting  slowly  during  the 
soak  period.  Since  thermotransport  tends  to  enrich  the  cold  end  with  copper, 
the  liquid  next  to  the  solid-liquid  interface  is  getting  richer  in  copper  during 
the  soak  period.  Under  these  conditions  Q phase  will  be  stable  with  respect 
to  small  super  heating,  but  a phase  is  not  (5).  Hence,  a phase  is  preferen- 
tially dissolved  and  the  excess  copper  is  deposited  on  the  existing  0 lamellae, 
making  them  thicker.  If  the  rate  of  melting  is  sufficiently  low,  it  is  possible 
to  obtain  a solid  9 phase  at  the  remelt  interface.  This  is  nearly  the  case 
with  the  Skylab  samples  towards  the  end  of  soak  period. 

It  is  also  possible  to  estimate  the  variation  in  composition  in  the  liquid 

v//av  from  the  interface.  In  the  absence  of  convection,  the  segregation  due 
to  thermotransport  is  given  by  (4) 


Xc  (1-Xh)  s J + - 2 D * A T t , t « a2 

Xh  (l-x^5  a? 


(5) 


where  c and  h refer  to  the  cold  and  hot  ends  respectively,  aj length  of  the 
column  of  metal  under  the  temperature  gradient  A T.  In  this  case  a 5 5 cm 
t = 250  C and  t = 6 x 1 03  sec.  (time  of  soak  + half  the  time  of  melting). 
Hence,  from  equation  (5) 

xh  " ^ ^ X ^ atom  fraction  of  copper  ^0^ 

— 0.7  weight  per  cert  cr>y  ;>»t  . 
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This  value  is  small  and  it  is  difficult  to  verify  experimentally.  At  sufficiently 
large  values  of  G/R,  however,  xc-  xh  will  become  appreciable. 

From  the  above  discussion  it  is  evident  that  thermotransport  is  important 
in  space  processlno.  Interestingly,  it  can  be  controlled  by  choosing  the 
correct  C/R  ratio.  A constant  G/R  is  necessary  for  growing  fault-free  eutectic 
grains.  Since  the  temperature  gradient  is  always  present  this  will  result  in 
some  macro-segregation  from  one  end  to  the  other,  leading  to  defects  in 
the  structure.  Such  segregation  can  be  eliminated  by  use  of  the  following 
procedure. 

Since  thermo  transport  makes  the  cold  end  richer  in  copper  - this  can  be 
compensated  for  by  starting  out  with  a material  which  is  slightly  deficient  in 
copper  at  the  cold  end.  This  can  be  accomplished  by  holding  the  liquid  alloy  in  a 
temperature  gradient  for  a predetermined  period  of  time.  This  procedure  will 
introduce  a concentration  gradient  as  given  by  equation  (5).  Thl;,  sample  is 
then  directionally  solidified  (or  quenched)  to  preserve  the  concentration  profile. 
The  sample  is  then  inverted  and  the  crystal  is  grown  in  the  usual  manner.  It 
may  be  necessary  to  use  a seed  to  start  the  grain  in  the  proper  orientation. 

The  original  concentration  gradient  is  now  in  a direction  opposite  to  the  gradient 
which  would  be  created  during  the  growth.  These  tend  to  cancel  each  other 
dad  one  can  obtain  a more  uniform  composition  and  hence  a better  structure. 


CONCLUSIONS 

(1)  Significant  changes  in  concentration  occur  during  the  solidification  of 
aluminum-copper  eutectic  alloy  under  zero-gravity  conditions. 

(2)  These  concentration  changes  can  be  controlled  by  modifying  the  process 
of  crystal  growth. 
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SKYLAB  SAMPLE  GROUND  BASE  SAMPLE 


FIGURE  1.  PHOTOMICROGRAPHS  w?  THE  REMELT  INTERFACE 
OF  (a)  SKYLAB -3  SAMPLE  AND  (b)  GROUND 
BASE  SAMPLE.  NOTE:  GROUND  BASE  SAMPLE 
HAD  CRACKED  AT  THE  INTERFACE. 


TIME  (MINUTES) 

FIGURE  2.  PLOT  OF  THE  TEMPERATURE  AND  THE  RATE  OF  MELTING 
OF  THE  INTERFACE  DURING  THE  SOAK  PERIOD. 
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SUMMARY 

The  objective  of  the  present  work  is  to  study  the  utilisation  of  the 
unique  conditions  offered  by  the  Earth  orbital  environment  in  material 
processing  involving  both  solid  and  liquid  phases  --  such  as  liquid 
phase  sintering. 

To  achieve  this,  an  experimental  development  program  involving 
both  test  and  theoretical  work  was  initiated.  Experimental  work  using 
material  combinations  selected  such  that  maximum  information  about 
the  effect  of  gravity  can  be  derived  has  been  conducted.  Wetting  of  the 
solid  phase  by  the  liquid  during  sintering  is  an  important  phenomenon  in 
liquid  phase  sintering,  and  gravity  has  influence  on  both  capillary  phe- 
nomenon and  density  segregation;  hence,  material  combinations  were 
selected  such  that  tb~se  two  effects  can  be  suitably  studies.  The  experi- 
mental work  is  meant  to  form  the  basis  for  similar  comparative  work 
done  under  low-g  conditions. 

The  part  of  the  model  dealing  with  the  capillary  phenomenon,  as 
related  to  liquid  phase  sintering  and  the  effect  of  gravity  on  it,  suggest 
that  gravity  will  have  negligible  effect  on  the  Bond  number  and  that  the 
cohesive  force  is  dependent  on  both  the  amount  of  liquid  phase  and  the 
angle  of  contact. 

The  experimental  results  support  this  part  of  the  model. 


*Paper  presented  by  --  T.  Mookherji 


963 


PRECEDING  PACT:  BLANK  NOT  FILMED 


INTRODUCTION 


The  weightless  conditions  in  an  orbiting  spacecraft  offer  some 
unique  advantages  for  work  on  materials  and  processes  that  can  yield 
valuable  returns.  One  of  the  main  advantages  of  this  weightless  condi- 
tion foreseen  for  achieving  such  a result  is  the  elimination  of  gravity- 
driven  forces.  This  has  been  very  clearly  demonstrated  through  the 
low-gravity  solidification  of  immi scible s , where  segregation  effects  due 
to  density  differences  make  bulk  sample  production  [l]  and  numerous 
other  experiments  [Z]  practically  impossible  on  Earth. 

It  appears  that  this  unique  condition  can  be  very  profitably  utilized 
in  material  processes  which  simultaneously  involve  solid  and  liquid 
phases,  such  as  liquid  phase  sintering  (LPS).  This  is  a processing 
technique  where  a mass  of  small  particles  of  different  components  is 
heated  above  the  melting  temperature  of  one  of  the  components  so  that 
all  the  particles  become  bonded  into  a solid  mass  on  cooling. 

Sintering  is  a complex  process  consisting  of  a series  of  closely 
related  physicochemical  phenomena.  It  should  be  regarded  as  a thermo- 
dynamic process  in  which  the  system  tends  to  attain  a state  with  minimal 
free  energy.  From  the  work  of  numerous  investigators,  it  seems  clear 
that  certain  minimum  requirements  regarding  the  wetting  of  the  solid 
phase  by  the  liquid  during  sintering  must  be  met  in  order  to  successfuily 
sinter  uith  a liquid  phase.  It  is  of  importance  then  to  consider  the  weiring 


phenomenon  and  its  relation  to  LPS,  In  an  otherwise  non-wetting  sys- 
tem, wetting  can  be  achieved  by  decreasing  the  solid-liquid  interfacial 
energy  through  preferential  adsorption  of  one  of  the  constituents  in  the 
liquid  phase  on  the  surface  of  the  solid  phase  and/or  by  diffusion  fluxes. 

I The  necessary  interface  condition  of  wetting  is  effected  by  both 
gravity  and  the  environment.  It  has  been  pointed  out  in  a theoretical 
study  [ 3]  that  the  adsorption  of  the  residual  gases  of  the  space  environ- 
ment, which  contains  a high  percentage  of  O and  O2,  will  affect  the 
specific  surface  energy  of  both  the  solid  and  liquid  phases.  It  was  also 
shown  that  both  vacancy  concentration  and  thermal  faceting  are  functions 
of  surface  energy. 

The  present  paper  deals  with  that  part  of  the  theoretical  model 
which  deals  with  the  capillary  phenomenon,  as  related  to  LPS  and  the 
effect  of  gravity  on  it,  and  some  experimental  results  that  corroborate 
with  this  part  of  the  model.  Modeling  for  the  trapped  gas  bubble  and 
segregation  and  their  influence  on  LPS  will  be  reported  in  the  future. 

FUNDAMENTAL  CONCEPTS  FOR  LIQUID 
PHASE  SINTERING  MODEL 

During  various  stages  of  the  sintering  process  a simple  LPS 
can  be  viewed  as  a trinary  system.  Figure  1 shows  schematically  the 
microstructure  of  an  LPS  during  the  various  stages  of  sintering.  In 
the  green  3tate,  after  the  work  piece  has  been  compacted,  the  individual 
particles,  according  to  Goetzel  [4],  are  held  together  by  interatomic 
forces  (i.e.,  surface  adhesion  and  cold  welding)  and  mechanical  inter- 
locking. In  this  state  the  LPS  compact  is  a solid/ solid/void  or,  more 
correctly,  a s olid/ solid/ ga s system.  The  void  fraction  depends  on  the 
plasticity  of  the  base  materials,  the  particle  sizes  and  shapes,  com- 
pacting pressure,  and  other  factors.  During  the  sintering  process  the 
compacted  material  goes  from  a solid/ solid/gas  to  solid/liquid/gas, 
and  back  to  a solid/ solid/ gas  system. 

Letting  fs,  f^s,  represent  the  volume  fractions  of  the  higher 
melting  point  solid,  the  lower  melting  point  solid,  and  the  void,  respec- 
tively, it  is  obvious  that  for  this  simple  LPS  compact, 

f3  + fi3  + fv  = 1 . (i) 

Maximum  densification  of  the  final  product  occurs  when  f v -*•  0. 
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During  the  process  of  sintering,  the  void  fraction  changes,  due  to 
various  processes,  from  its  initial  value  to  a final  value;  the  difference 
accounts  for  the  shrinkage. 

From  the  viewpoint  of  fluid  flow,  an  LPS  compact  in  the  green  state 
consists  of  many  capillary  tubes.  During  the  sintering  process,  as  the 
temperature  is  raised,  several  changes  occur.  At  a temperature  well 
below  the  melting  point,  the  lower  melting  component  becomes  very 
plastic  and  the  bonding  forces  betv/een  adjacent  particles  is  reduced. 
Shrinkage  of  the  compact  can  occur  during  this  phase  because  the 
plasticity  of  the  lower  melting  component  allows  the  particles  to  move 
into  closer  packing. 

As  the  temperature  is  raised  above  the  point  where  the  lower 
melting  component  becomes  liquidus,  the  liquid,  driven  by  capillary 
forces,  flows  among  the  solid  particles.  Simultaneously,  the  surface 
tension  forces,  produced  as  the  liquid  fills  the  voids,  moves  the  solid 
particles. 

For  a liquid  melt  which  is  highly  non- wetting  with  respect  tc  the 
solid  particles  (i.  e. , 0 > 90°  where  0 is  the  liquid/solid  contact  angle), 
the  liquid  tends  to  form  into  a sphere  (Figure  1)  because  of  the  influence 
of  surface  tension  and  the  minimum  energy  principle.  Under  these  con- 
ditions the  liquid  surface  tension  forces  tend  to  separate  the  solid 
particles. 

For  a liquid  melt  which  is  highly  wetting  (i.  e.  , 0 = 0°)  the  liquid 
tends  to  flow  along  the  surfaces  of  the  solid  material  (Figure  1).  Under 
these  conditions  the  surface  tension  forces  tend  to  pull  the  solid  particles 
togethe  r. 

As  the  liquid  flows  through  the  circuitous  capillary  tube  system, 
represented  by  the  spaces  between  the  solid  particles,  gas  bubbles  can 
be  trapped.  These  trapped  gas  bubbles  become  the  voids  when  the  com- 
pact is  resolidified. 

Another  factor  which  influences  the  final  state  of  the  sintered  com- 
pact is  the  segregation  of  material  according  to  density.  Depending  upon 
the  degree  of  compaction  and  the  particle  si 7c  and  shape,  the  void  fraction 
can  vary  from  0.25  to  0.5.  According  to  Lenel  [5],  the  fraction  of  liquid 
must  be  at  least  0.25  in  order  to  fill  all  the  voids.  For  'Spherical  particles, 
theoretical  calculations  [6]  indicate  that  a liquid  fraction  of  0.35  is 
required  to  fill  all  of  the  voids.  Under  conditions  where  the  density  of  the 
solid  is  significantly  different  from  that  of  the  liquid,  and/or  where  the 


Naidich,  et  al  [8]  studied  the  same  problem,  except  that  gravitational 
effects  were  ignored. 


Their  derivation  produced  equations  identical  to  Equatiotte'S!  4, 

25,  and  26.  Packing  of  particles  is  a debatable  point  in  any  theoretical 
colloid  or  particle  problem.  For  the  simple  problem,,  where  the  body  is 
formed  of  spherical  particles,  the  maximum  and  minimum  pore  space 
is  obtained  when  the  packing  is  cubic  and  rhombohedral,  respectively. 
The  orientation  of  the  packed  spheres  is  shown  in  Figure  7.  The  density 
of  a packed  mass  is  related  to  the  densities  of  the  solids  and  the  pore 
space  and,  therefore,  to  the  volume  of  the  pore  space. 

As  can  be  seen  in  Figure  7,  for  cubic  packing  each  central  sphere 
has  six  neighors,  and  for  rhombohedral  packing  each  central  sphere 
has  twelve  neighbors.  By  passing  tangent  planes  between  adjacent 
spheres  at  the  nearest  points  and  perpendicular  to  a line  between  the 
centers,  it  can  be  seen  that  the  total  space  occupied  by  each  sphere  and 
and  its  pore  space  is  a cube  for  cubic  packing  and  a rhombic  dodeca- 
hedron for  the  rhomoohedral  packing  (Figure  7).  Assuming  the  spheres 
to  be  a uniform  distance  Cf)  apa^t  at  the  nearest  point  and  letting  R be  the 
spherical  radius  (same  as  that  used  in  Figure  4),  the  total  volume  occu- 
pied by  each  sph  ci  e and.  i tz  pore  space  can  be  derived  and  gives: 

cubic  packing  Vfc  = 8(R  + i/2)I * 3  ; (27) 

rhombohedral  packing,  Vt  = — — — (R  + i/2)3  . (28) 

n/"2~ 

Letting  the  spheres  represent  the  solid  particles  of  an  LPS,  we  see  that 
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where  Vg  is  the  volume  of  the  solid.  Then,  from  Equation  1 


fv  = i - (fs  + fiv)  = i 


Vs  + n Vi 


where  n is  the  number  of  surfaces  in  contact  (i.  e*,  n = 6 for  a cube 
and  n = 12  for  a rhombic  dodecahedron).  For  cubic  packing,  Equations 
29,  30,  and  3 1 give 


* 

s^i 


<f*>cp 

<Wcp 


= 6 * (R  + i/2)3 

_ 111  Yl 

(R  + i/2)3 


(32) 

(33) 


, 4/3  tr  R1  +6  V, 

(fv)cp  = 1 " 8(R  + i / Z)3 


For  rhombohedral  packing.  Equations  29,  30,  and  31  give 


(fs) 


rp 


N fT  TT  R3 

6 (R  + i/2)3 


(34) 


(35) 


(fis) 


rp 


n/2~  A 2 V, 

8 (R  + l/2)3 


(36) 


(fv) 


rp 


n/T  (4/3  tt  R3  + 12  V;) 
8(R  + i/2)3 


(37) 


For  close  packing,  i.  e. , .?  =0  and  for  no  liquid,  Equations  34  and  37  give 
maximum  and  minimum  void  fractions  of 


(fv)  - 0.4764 
cp 

and 


(38) 


(fv)  = 0.  2595  . 

rp 


(39) 


From  these  results  it  is  easy  to  deduce  that  the  amount  of  liquid  required 
to  just  fill  all  the  voids  of  the  compact  must  be  between  25.  95  and  47.  64% 
by  volume. 

Figures  8,  9,  and  10  show  how  the  surface  tension-induced, 
adhesive  forces  vary  with  the  contact  angle,  distance  between  particles, 
and  liquid  fraction. 
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amount  of  liquid  is  much  greater  than  the  minimum  amount  required  to 
fill  the  void  space,  the  solid  and  liquid  components  can  segregate  them- 
selves according  to  density.  The  forces  controlling  the  segregation 
are  buoyancy  forces  with  respect  to  the  gravitational  vector.  Surface 
tension  ana  adhesion  can  also  force  some  of  the  liquid  through  the  outer 
pores  of  the  compact. 

i 

The  previous  discussion  suggests  that  at  least  three  simple  phe- 
nomenological models  are  necessary  for  describing  the  fluid  aspects  of 
liquid  phase  sintering.  These  three  models  of  the  problem  are  shown 
in  Figures  2 and  3. 

MODELING  OF  SURFACE  TENSION  FORCES 
ACTING  DURING  SINTERING 

Depicting  the  compact  ideally  as  many  spheies,  with  adjacent 
spheres  connected  at  their  nearest  points  by  a small  amount  of  liquid 
(Figure  2),  can  explain  some  of  the  forces  acting  during  the  sintering 
process.  Adjacent  spheres  are  attracted  or  repelled  because  of  the 
capillary-like  forces  which  are  produced  by  the  intervening  liquid. 

For  a wetting  liquid  the  forces  are  attractive,  therefore,  an  interior 
particle-  as  deoicted  in  Figure  2,  is  subject  to  attraction  in  all  directions 
by  neighboring  particles.  Particles  on  the  surfaces  are  attracted 
inwards  and  to  the  sides  by  neighboring  particles,  but  there  is  no 
outward  attraction  to  balance  the  inward  pull.  Hence,  every  surface 
particle  is  subject  to  inward  attraction  more  or  less  perpendicular  to 
the  surface.  For  conditions  where  no  other  forces  act  to  prevent  inward 
movement  the  exterior  particles  tend  to  move  inward  causing  omni- 
directional shrinkage.  It  is  possible  to  model  the  capillary  forces  by 
considering  two  spheres  with  an  intervening  liquid  as  shown  in  Figure 
4.  In  the  general  case  the  liquid-vapor  interface  shape  varies  as  depicted 
in  Figure  4.  Because  of  hydrostatic  forces  the  radii  of  curvature  are 
assumed  to  vary  with  the  angles  a and  3 • Later  it  will  be  shown  that 
constant  radii  of  curvature  is  a very  safe  assumption  for  LPS. 

For  a wetting  liquid  the  pressure  (P^)  on  the  liquid  side  of  the 
liquid-vapor  interface  is  less  than  the  pressure  (Pv)  on  the  vapor  side. 
Therefore,  the  spheres  are  subjected  to  a compressive  force  given  by 

dF,  = (Pv  - P,)  z (2) 
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where 


dFj  - hydrostatic  force  acting  to  attract  the  spheres  (note  that 
when  dFt  < 0,  the  force  is  repulsive) 

dAa  z - projection  of  the  wetted  area  on  the  or,  z plane. 

A surface  tension  component  opposite  to  the  c r vector  shown  in 
Figure  4 is  also  acting  to  pull  the  spheres  together.  A differential 
surface  tension  force  is  given  by 


dF2  = ir £ v cos  [ 90  - (60  + 0)  ] dS 


where 


(3) 


dF2  - surface  tension  force  acting  to  attract  the  spheres  (note 

that  when  dF2  < 0,  the  surface  tension  force  is  repulsive) 

<r^v  - liquid-vapor  surface  tension 

dS  - liquid-solid  wetted  perimeter  increment 

4>0  - angle  between  the  sphere  centerlines  and  the  wetted 

perimeter 

8 - liquid,  solid  contact  angle. 

Letting 

z ~ R sin  § d a 9 d(R  sin  <£>)  (4) 

dS  = R Sui  4>  da  . (5) 

Then  the  resultant  force  is  given  by 


dF  = dFj  + dF 

= (Pv  - P^)  R sin  4>  d(R  sin^j)  da 

+ c T|V  sin  (4>0  + 0)  R sin  4>0  da  . (6) 

The  integration  of  Equation  6 requires  a complete  definition  of  the 
interface  shape  and  the  hydrostatic  forces.  The  hydrostatic  forces  can 
be  related  to  the  surface  tension  through  Laplace’s  first  law,  giving 
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(7) 


where  rx  and  r2  are  the  principal  radii  of  curvature  at  any  point  on  the 
liquid-vapor  surface  (or,  x,  z).  Assuming  an  acceleration  vector  (g) 
to  be  aligned  with  the  z axis  the  hydrostatic  pressure  on  the  liquid  side 
of  the  liquid-vapor  interface  is  given  by 

, : . ■ ' !l| 

pi  = p/o  + p/(^-)  <zo  - *>  ! !:  <8> 

where 

P^0  - hydrostatic  pressure  at  the  interface  where  or  = 0,  x = 0, 
z = z0  = r10  (i.  e. , top,  center  of  the  interface) 

- liquid  density 

g^  - sea  level  gravitational  constant. 

Since  z = rx  cos  a , Equation  8 can  be  written  as 

Pi  = Pio  + pi(^j  (rio  - ri  COSff  ) * (9) 

Then,  Equation  7 becomes 


At  the  point  a - 0,  z = 0,  z = zQ,  Equation  7 gives 


Then,  defining  a mean  radius  of  curvature  as 


(10) 


(11) 


(12) 
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MATERIAL 


SP.  GR. 

o?v  (dyne/cm) 

p/ojy  [gm/(dyne  cm2)] 

8.9 

1270 

0.007 

10.5 

940 

0.01117 

11.3 

455 

0.02484 

3.3 

820 

0.00402 

3.6 

1090 

0.0033 

1.0 

75 

0.01333 

Letting  the  mean  radius  of  curvature  rmo  in  Equation  16  be  equal 
to  the  radius  of  the  sphere  of  Figure  4,  the  effects  of  gravity,  particle 
radius,  and  the  liquid  density-surface  tension  ratio  can  be  evaluated. 
From  Table  I it  is  seen  that  most  of  the  common  LPS  liquids  have  density 
to  surface  tension  ratios  of  the  order  of  0.  60 1 < (p)/ {cr/v)<  0.  01 . For 
particle-sizes  ranging  from  10  p to  1000  p,  the  Bond  numbers  for  various 
(g /go  ) levels  have  been  computed  and  arc  shown  in  Figure  5.  In  most 
liquid  phase  sintering,  particle  sizes  of  the  order  of  lOp  to  lOOp  are 
generally  used.  From  Figure  5 it  is  seen  that  the  Bond  number  for  a 
one  (g/g0)  environment  is  on  the  order  of  10"3  and  less.  For  the  same 
size  particles  in  a 10“4  (g/g0),  the  Bond  number  is  10~7  and  less.  There- 
fore, because  the  particle  sizes  in  LPS  are  so  small,  the  Bond  number 
is  significantly  less  than  unity. 


An  understanding  of  how  the  Bond  number  affects  the  liquid-vapor 
interface  shape  can  be  obtained  by  considering  the  results  derived  by 
Hastings  [ ?].  Using  the  principle  of  minimum  energy,  Hastings  computed 
the  liquid-vapor  interface  shape  of  a liquid  confined  in  an  axis-symmetric 
container  as  a function  of  Bond  number.  Dimensionless  interface  shapes 
for  Bend  numbers  varying  between  0 and  oc  are  shown  in  Figure  6.  Nor- 
mally, in  low-gravity  fluid  mechanics  problems,  the  Bond  number  changes 
from  a large  number  under  one-g  conditions  to  a very  small  number  as 
gravity  approaches  zero.  For  example,  a one -foot -diamete  r container 
of  water  has  a Bond  number  of  approximately  BQ  = 3000  at  one  g,  which 
reduces  to  B0  = 0.3  at  g/g0  = 10“4  . As  can  be  seen  in  Figure  6,  this 
causes  the  interface  to  change  from  a flat  shape  at  one  g to  a nearly 
spherical  shape  at  10~4  g/g0. 


In  liquid  phase  sintering,  however,  the  particle  sizes  are  so  small 
that  the  Bond  number  is  nearly  zero  even  under  one-g  conditions.  Reduc- 
ing the  Bond  number  further  by  reducing  the  gravitational  component  has 
a negligible  effect  on  the  interface  shape.  Therefore,  Equation  17  gives 


linn 

B0-  0 


= 1 


Thus,  it  is  seen  that  as  the  Bond  number  tends  to  zero  for  whatever  cause, 
the  mean  radius  of  curvature  becomes  a constant  with  respect  to  the 
variables  a and  fi  (see  Figure  4).  Equations  12  and  13  then  give 


2 _ 2 
rm  rmo 


= constant  . 


(19) 
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Equation  10  then  gives 


2 <r^v 

<pv-  Pi>  = — • (20) 

Amo 

Equation  6 can  then  be  written  as 

2 (T ty 

dF  = R sin<J>  d(R  sin<j>)  da 

rmo 

+ <T|V  sin  (<^0  + 0)  R sin  <j>0  dor  . (21) 

Then  since  rm  = rmo  = constant,  and  4>  is  not  a fun  :tion  of  o for 
[ */r20  ) - (l/r10  )]  = constant,  Equation  21  can  be  integrated  to  give 

/-*  R sin  <J> q /»2 ^ 

F - \ \ — R sin  d(R  sin  $)  da 

J0  a= 0 rmo 

p 2ir 

+ \ cr^v  sin  (4>0  + 0)  R sin  c}>0  do-  (22) 

a = 0 


F = (2tt) 


/ °7\_\ 

\rmo  / 


(R  sin  ({>) ' 


+ 2 it  cr^v  sin  (d>0  + 0)  R sir.  <f> 


?o 


or 


F = <rr 


it  R2  sin2 


\r2  o *10/ 


(23) 


+ 2tt  R sin4)0  sin  (4>0  + 8) 

(24) 


Letting  i be  the  distance  between  spheres  gives 


Tj  0 = R sin  4>( 


R(1  “ cos  4>0  ) + - 


1 - sin  (4>  t 8) 
cos  (<J>  + 0) 


r20 


R(1  - cos  <}>)+  — 
cos  (4>  + 0 ) 


(25) 


(26) 
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From  Figure  8 it  can  be  seen  that  the  cohesive  force  decreases 
as  the  contract  angle  increases.  The  force  is  also  seen  to  decrease 
as  the  angle  4>  increases.  For  any  contact  angle  less  than  90  degrees, 
it  can  be  seen  that  the  force  becomes  repulsive  as  the  angle  4>  is 
increased  from  the  critical  value  where  the  force  is  zero. 

Figure  9 shows  how  the  cohesive  force  varies  with  distance 
between  particles  for  <j>  = 30°.  For  highly  wetting  liquids  (i.  e.,  for 
9 near  zero)  the  force  is  highest  when  the  particles  are  touching  and 
decreases  as  the  distance  between  particles  increases.  For  liquids 
where  the  contact  angle  approaches  90  degrees,  the  force  is  reduced  as 
the  distance  between  particles  decreases.  For  75°  < 0 < 90°  the 
forces  are  repulsive  for  distances  between  particles  of  l/R  < 0.2. 
Referring  to  Figure  8 it  is  seen  that  as  cj>  increases  the  contact  angle 
at  w'hich  the  forces  become  repulsive  decreases.  This  suggests  a 
tendency  of  the  particles  to  trap  bubbles  as  shrinkage  occurs. 

Figure  10  shows  how  the  cohesive  force  varies  as  the  contact 
angle  and  liquid  fraction  are  varied  for  the  idealized  rhombohedral 
packing  with  £ = 0.  This  figure  shows  that  the  cohesive  force  varies 
only  slightly  more  liquid  is  added  but  decreases  significantly  as 
the  contact  angle  is  increased. 

These  results  suggest  that  conditions  can  exist  which  cause  the 
particles  to  tend  to  trap  bubbles.  This  tendency  is  somewhat  supported 
by  the  studies  of  liquid  between  cylinders  carried  out  by  Princen  [9  ] . 
One  of  Princen's  conclusions  is  shown  schematically  in  Figure  11.  As 
seen  in  Figure  11,  when  cylinders  are  moved  together  the  entrapped 
liquid  tends  to  separate  into  .olumns,  leaving  a void  in  the  center.  As 
the  distance  between  cylinders  was  increased  bubbles  became  trapped. 

Bubble  entrapment  and  material  segregation  according  to  density 
are  much  more  strongly  influenced  by  changes  in  gravity.  The  forces 
acting  on  the  particles  or  bubbles  are  related  to  buoyancy  according  to 


As  gravity  is  reduced  from  the  one-g  condition  to  the  low-g 
condition  of  orbit,  the  buoyancy  force  tends  to  zero.  The  latter  is 
anticipated  to  produce  unique  distribution  conditions  in  the  LPS. 

Models  of  bubble  entrapment  and  material  segregation  will  be  developed 
in  the  following  phases  of  this  study. 
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MATERIAL  AND  PROCEDURE 


The  formation  of  a powder  metallurgical  body  during  liquid- 
phase  sintering  occurs  in  a system  consisting  of  solid,  liquid,  and 
gaseous  phases.  Since  the  particle  size  of  the  solid  phase  is  usually 
small,  the  green  body  to  be  sintered  is  a capillary  system.  The 
behavior  of  such  a system  with  highly  developed  surfaces,  the  distri- 
bution of  phases  within  it,  and,  consequently,  the  properties  of  the  body 
itself,  will  depend  to  a considerable  extent  on  the  properties  of  the 
boundaries  between  the  phases  within  the  system.  That  is,  it  will 
depend  on  the  wetting  of  the  solid  phase  by  the  liquid  phase.  More- 
over, the  two  phases  of  this  process  tend  to  segregate  due  to 
considerable  difference  in  density. 

Gravity  has  influence  on  both  capillary  phenomena  and  this  type 
of  segregation.  Since  liquid  state  is  present,  both  Marangoni  and 
Rayleigh  convection  phenomena  will  take  place. 

Based  on  the  above  arguments,  emphasis  was  placed  on  wetting 
characteristics  and  density  difference  and  the  following  material  com- 
binations were  selected; 

(a)  30  vol  % Ag  and  AI2O3 

(b)  40  vol  % Cu  and  W 

(c)  40  vol  % Cu  and  Fe. 

The  relevant  properties  of  these  materials  are  given  in  Table  II. 


TABLE  II.  RELEVANT  PROPERTIES 


r 

MELTING 

SURFACE 

TENSION 

CONTACT  ANGLE 

MATERIAL 

POINT  °C 

DENSITY 

AT  1100°C 

A9 

960.8 

10.5 

940 

83° 

AI-O3 

2050 

3.5 

905 

w 

3370 

19.3 

>2300 

35° 

Cu 

1083 

8.92 

1270 

Fe 

1535 

7.86 

2039 

0° 
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The  combinations  were  thoroughly  blended  in  a laboratory 
blender  and  compacted  in  an  isostatic  pressuring  unit.  The  pressures 
used  for  Ag-A^C^,  Cu-W,  and  Cu-Fe  were  30,  000,  15,  000,  and  7,  000 
psi,  respectively.  The  compacted,  cylindrical  samples  were  about 
4.  5 centimeters  in  diameter  and  4.  0 centimeters  in  length.  Both  Cu-Fe 
and  Cu-W  powders  were  reduced  in  a hydrogen  furnace  before  compacting. 

The  compacts  were  sintered  in  a vacuum  furnace  with  a protective 
atmosphere  of  pure  argon.  Steel  containers  with  molybdenum  lining 
were  used.  The  samples  were  put  in  the  containers  with  their  cylindrical 
axis  vertical  and  kept  in  the  vacuum  furnace  for  about  16  hours  under  a 
vacuum  of  10“5  torr.  Then  the  temperature  of  the  furnace  was  raised 
to  about  300°  C under  dynamic  vacuum  and  held  for  about  4 hours.  Pure 
argon  was  then  introduced  into  the  furnace  without  breaking  the  vacuum. 
The  furnace  was  then  brought  to  1,  100°C  and  held  at  this  temperature 
for  1 hour.  A safety  valve  kept  the  pressure  in  the  furnace  around 
atmosphere  during  the  heating  cycle.  Typical  heating  time  was  about 
2 hours  and  the  cool-down  time  was  about  10  to  12  hours. 

Densities  of  both  green  and  sintered  samples  were  determined 
and  the  samples  were  cut  along  the  cylinder  axis  and  polished.  Metal- 
log  raph ic  picture  and  scanning  electron  microscopy  was  done  on  the 
polished  surface.  Electrical  resistivity  mapping  of  the  polished  surface 
was  done  wdth  a four-point  resistivity  probe.  The  variation  in  the  con- 
centration of  the  liquid  phase  along  lengths  parallel  to  the  cylinder  axis 
was  determined  using  atorrre  absorption  spectroscopy. 

The  experimental  work  is  meant  to  form  the  basis  for  similar 
reproducible  comparative  work  done  under  low-g  conditions. 

RESULT  AND  DISCUSSION 


The  results  of  the  measurement  of  density  are  shown  in  Table  III. 
The  theoretical  density  is  also  tabulated  for  comparison. 

TABLE  III.  RESULTS  ON  MEASUREMENT  OF  DENSITY 


SYSTEM 

THEORETICAL  DENSITY 

GREEN  DENSITY 

SINTERED  DENSITY 

«.— - - • — " “ ■ 

- --  ••  -i 

^Si=rz — *-  - --  - 

“ - - 

Cu-W 

13.184 

8.839 

8.239 

Cu-Fe 

8.252 

4.357 

7.711 

Ag-Al 2O3 

4.875 

3.281 
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The  Ag-Al203  system  could  not  be  sintered  properly  under  the 
present  experimental  conditions.  It  was  possible,  though,  to  compact 
it  properly  without  any  plasticizer,  and  the  green  density  achieved  was 
67.  3 percent  of  theoretical  density.  Such  high  theoretical  density,  in 
general,  should  give  good  densification  upon  sintering. 

Observation  shows  that  the  sintered  part  consists  of  spherical 
droplets  of  Ag,  of  various  sizes,  scattered  around  in  the  matrix  of 
AI2O3  (Figure  1Z).  and  the  bottom  part  of  the  sample  is  stronger 
than  the  top  part.  The  problem  in  this  case  is  that  molten  Ag  does  not 
wet  Al203  at  a contact  angle  of  83  degrees.  Each  individual  molten 
particle  of  the  metal  thus  flows  down  under  the  influence  of  gravity, 
since  Ag  is  heavier  than  AI2O3  (Table  II),  joins  with  other  molten 
particles,  and  forms  a big  droplet.  This  process  continues  through- 
out the  entire  sample  until  the  droplets  are  so  large  that  they  cannot 
flow  any  further  between  the  particles  of  AI2O3. 

This  decreases  the  concentration  of  silver  in  the  top  part  of  the 
.ample  and  the  AI2O3  particles  no  longer  have  any  bonding,  making 
the  top  structure  lose  its  strength.  Moreover,  the  non-wetting 
characteristics,  according  to  our  model,  should  give  a repelling  force 
between  the  AI2O3  particles.  This  means  that,  after  sintering,  there 
should  be  a swelling,  instead  of  shrinkage,  of  the  sample.  This,  how- 
ever, could  not  be  verified,  in  this  case,  because  the  structure  could 
not  retain  its  compacted  shape.  According  to  the  model,  the  cohesive 
force  is  dependent  on  both  the  angle  of  contact  and  the  quantity  of  the 
liquid  phase.  For  the  same  angle  of  contact  the  cohesive  force  decreases 
with  the  increase  of  the  quantity  of  the  liquid  phase.  This  phenomenon 
is  true  for  spherical  particles  but  may  be  entirely  different  for 
particle?  of  other  shapes. 

The  Ag-A^C^  sample  represents  a classical  case  of  density 
segregation  in  a non-wetting  system.  In  a low  gravity,  the  segregation 
effect  is  not  expected.  The  individual  molten  particles  of  silver  will 
not  bond  with  AI2O3,  but  are  expected  to  stay  well  dispersed  without 
forming  large,  spherical  droplets.  It  is  expected,  according  to 
the  model,  that  the  repelling  forces  will  be  present  and  that  the 
sintered  density  may  be  lower  than  the  gieen  density. 

The  Cu-W  system  could  be  sintered  under  the  present  experi- 
mental conditions;  however,  it  was  found  that  all  40  percent  by  volume 
of  Cu  could  not  be  retained  in  the  sintered  body.  Only  about  38  percent 
by  volume  of  the  liquid  phase  was  retained  and  the  rest  extruded.  The 
extruded  liquid  phase  suggests  that  the  angle  of  contact  is  not  35  degrees 
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under  the  present  experimental  conditions.  According  to  the  theoretical 
model,  in  systems  with  a large  angle  of  contact  the  particles  are,  in 
general,  repelled  and  there  is  no  shrinkage  after  sintering.  As  indicated 
before,  the  cohesive  force  is  also  dependent  on  the  amount  of  liquid 
phase.  This  postulation  of  the  model  is  verified  through  the  density 
measurement.  The  measured  sintered  density  is  lower  than  the  green 
density  (Table  III).  The  green  density  is  67  percent  of  the  theoretical 
dens  it  y,  whereas  the  sintered  dens  it  y is  only  61.7  perce  nt  of  the 
theoretical  density. 

From  the  metallographic  pictures  (Figures  13  and  14),  it  is 
clear  that  there  is  migration  of  the  two  phases  along  the  gravity  direction 
during  sintering.  The  distribution  of  the  two  phases  in  the  green  sample 
(Figures  13a,  b,  c)  is  much  more  uniform  as  compared  to  the  sintered 
sample  (Figures  13d,  e,  f).  This  is  further  verified  through  resistivity 
(Figure  17)  and  copper  concent  ration  mapping.  The  segregation  effect 
is  probably  evident  because  the  wetting  of  the  solid  phase  by  the  liquid 
phase  is  poor  and  there  is  a considerable  difference  between  their 
densities  (Table  II). 

The  Cu-Fe  system  turned  out  to  be  the  best  after  sintering.  This 
was  expected  since  liquid  copper  has  a contact  angle  of  0 degrees  with 
iron.  The  sintered  density  is  7.  71 1 i.  e.  , 94  percent  of  the  theoretical 
density  as  compared  to  53  percent  for  the  green.  This  is  in  accordance 
with  the  model.  The  model  predicts  a high  attractive  force  with  a con- 
tact angle  of  0 degree. 

From  the  metallographic  pictures  (Figures  15  and  16),  it  is 
evident  that  the  distribution  of  the  two  phase  is  quite  uniform  along 
the  gravity  direction  of  the  sample  after  sintering.  This  distribution 
does  not  seem  to  be  different  from  the  distribution  in  the  green  sample.  « 
There  is  considerable  grain  growth  after  sintering.  This  is  further 
verified  through  resistivity  (Figure  18)  and  copper  concentration 
mapping.  The  segregation  effect  is  not  present  because  the  densities 
of  the  two  phases  are  almost  equal  (Table  II). 

It  can  be  concluded  that  the  capillary  forces  acting  on  the  solid 
particles  are  dependent  on  contact  angle  and  the  quantity  of  the  liquid 
phase.  Even  for  moderate  angles  cf  contact  the  cohesive  force  can 
be  converted  to  repulsive  force  by  varying  the  quantity  of  the  liquid 
phase.  The  capillary  force  acting  on  the  particles  under  "one-g" 
conditions  are  negligibly  different  from  those  which  will  exist  under 
"zero-g”  conditions. 
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LIQU IOUS/ SOL IDUS  MICROSTRUCTURE 


FIGURE  1.  LPS  MICROSTRUCTURE  DURING  VARIOUS  PHASES  OF  SINTERING 
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BUBBLES  MOVING  TO  SURFACE 
UNDER  THE  INFLUENCE  OF  GRAVITY 

TRAPPED  BUBBLES 
SOLID  PARTICLES 

a.  Trapped  and  Moving  Bubbles  in  LPS 

PARTICLES 
LIQUID 


b.  Particle  Segregation 
FIGURE  3.  TRAPPED  BUBBLE  AND  SEGREGATION  MODEL 
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DIMENSIONLESS  HEIGHT,  z/R 


CUBIC  PACKING 


RHOMBOHEDRAL  PACKING 


FIGURE  7.  CUBIC  AND  RHOMBOHEDRAL  PACKING 
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FIGURE  11.  CYLINDERS  WITH  ENTRAPPED  LIQUID 
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(b)  TOP  PART  OF  SAMPLE,  2000x  (c)  BOTTOM  PART  OF  SAMPLE,  2000x 

MAGNIFICATION  MAGNIFICATION 


FIGURE  13.  PHOTOMICROGRAPH  OF  Cu-W  IN  THE  GREEN  STATE 
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(b)  TOP  PART  OF  SAMPLE,  2000.x 
MAGNIFICATION 


(c)  BOTTOM  PART  OF  SAMPLE,  2000x 
MAGNIFICATION 


FIGURE  14.  PHOTOMICROGRAPH  OF  SINTERED  Cu-W 
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(a)  TYPICAL  DISTRIBUTION,  200x  MAGNIFICATION 


(b)  TOP  PART  OF  SAMPLE,  2000x 
MAGNIFICATION 

FIGURE  15.  PHOTOMICROGRAPH 
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(c)  BOTTOM  PART  OF  SAMPLE,  2000x 
MAGNIFICATION 

OF  Cu-Fe  IN  THE  GREEN  STATE 


(a)  TYPICAL  DISTRIBUTION,  200x  MAGNIFICATION 


(b)  TOP  PART  OF  SAMPLE,  2000x 
MAGNIFICATION 


(c)  BOTTOM  PART  OK  SAMPLE,  2000x 
MAGNIFICATION 


FIGURE  16.  PHQTuMt-ROGRAPH  OF  SINTERED  Cu-Fe 
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SUMMARY 

Only  immiscible  materials  which  involve  a fluid  phase  have  a poten- 
tial advantage  when  considered  for  space  processing.  Processing  of  such 
systems  at  low  gravity  can  lend  to  a material  which  is  very  homogeneous 
and  contains  a finely  dispersed  mixture  of  phases.  Materials  with  such 
structures  mav  exhibit  potentially  useful  properties  for  such  applications 
as  superconductors,  dispersion-strengthened  materials,  superplastic  mate- 
rials, permanent  magnets,  c t ' . 

These  conclusions  have  resulted  from  review  of  past  efforts  in  the 
cield  of  lov-g  processing  of  materials  containing  a liquid  phase  miscibility 
gap  and  from  present  efforts  at  Battelle1 s Columbus  Laboratory  dealing 
with  such  systems.  These  latter  studies  have  concentrated  on  precipita- 
tion of  liquid  droplets  in  a host  liquid  during  cooling  through  the  mis- 
cibility gap.  The  major  objective  of  this  effort  has  been  to  study  the 
acglo-e ration  of  die  droplets  both  experiment al lv  and  through  computer 
v i J -i  l i n h*r  to  understand  t’u  -echnnis-s  involved  and  to  deduce 
[]u  of  grr*ity  on  the  dr  -pli  t 3 i s t r i l*u  t i on  and  resulting  structure 

of  the  solidified  material.  The  agglomera t ion  mechanisms  treated  in 
detail  are  those  due  to  diffusional  growth  and  collision  processes  caused 
by  Stokes  on  convection  curren t-induced  droplet  migration.  The  collision 
processes  are  considered  to  be  the  major  agglomeration  mechanisms  opera- 
tive and  the  ones  most  sensitive  to  the  presence  of  gravitational  forces. 
These  agglomeration  processes  are  essentially  eliminated  at  low-g  thus 
leading  to  materials  with  finer  structures. 

INTRODUCTION 

Thete  has  been  considerable  interest  generated  in  the  possibility 
that  processing  of  immiscible  materials  under  low-gravity  conditions 
would  lead  to  products  with  unique  structures  and  ’ proper t ies . Although 
t **e re  nas  been  some  effort  to  look  into  this  possibility,  the  results 
produced  thus  far  are  racier  limited.  There  have,  however,  been  some 


* Paper  presented  by  S.  H.  relles. 

1003 


’ .e?;::dixg  pacts  blank  not  filmed 


experimental  results  ^hat  have  shown  some  unusual  features  and  potential 
benefit  of  processing  immiscible  materials  at  low  g.  Also  much  progress 
has  been  made  in  understanding  the  mechanisms  controlling  the  structure 
and  properties  produced  by  the  0-g  verses  1-g  processing  of  these  materials. 

It  is  the  purpose  of  this  paper  to  review  past  activities  in  this 
field,  to  describe  current  research  in  this  area  at  Battelle  Columbus 
Laboratories,  and  to  explore  potentially  useful  immiscible  systems  which 
might  benefit  from  being  processed  at  near  0-g. 

IMMISCIBLE  SYSTEMS — DESCRIPTION 

Before  detailing  our  research  activities,  it  is  meaningful  to  define 
what  is  meant  by  an  immisc ib le  material.  In  the  most  general  terms,  an 
immiscible  material  consists  of  a mixture  of  phases  having  limited  mutual 
solubility.  Such  matetials  can  be  formed  in  a number  of  different  ways 
as  shown  in  Figure  1.  They  can  be  produced  by  simply  mixing  phases  of 
limited  mutual  solubility  together  as  is  done  in  some  composite  materials 
(Figure  la).  Processing  of  such  materials  can  be  performed  Vy  having  one 
of  the  materials  (a  solid  reinforcement)  infiltrated  by  a liquid  phase 
(matrix).  Alternatively,  entirely  solid-state  techniques  may  be  used. 

In  these,  powders  of  matrix  material  are  mixed  with  the  reinforcement 
(either  in  particulate  or  fiber  form)  and  consolidated  into  a dense 
structure  by  pressing  and/or  sintering  processes.  An  example  of  another 
solid-state  technique  for  producing  composites  involves  the  roll-bonding 
of  filamentary  reinforcements  between  thin  foils  of  the  matrix.  Examples 
of  composite  materials  produced  by  some  of  these  techniques  are  boron 
in  aluminum,  silcon,  carbide  in  silver,  or  aluminum  oxide  in  aluminum.  The 
reinforcement  can  be  particulate  or  be  made  up  of  short  or  continuous 
fibers . 


One  of  the.  more  common  ways  of  forming  mixtures  of  s-'lid  phases 

is  through  reactions  which  are  very  familiar  to  the  metallurgist  and 
physical  chemist.  One  such  group  starts  with  a homogeneous  liquid  which 
is  allowed  to  cool  to  a temperature  at  which  the  reaction  occurs.  In  the 
case  of  a eutectic  reaction  (Figure  lb)  the  homogeneous  liquid,  L,  of 
composition,  Ce,  decomposes  at  temperature  Te  according  to  the  reaction 

L -v  A + B 


to  a mixture  of  the  Phases  A and  B.  Often  this  mixture  has  a plate  or 
rod  morphology  similar  to  the  composites  described  above  (Figure  la). 
Structures  of  this  form  are  being  studied  for  turbine  blade  applications . (1) 
The  reinforcement  improves  creep  properties. 

A similar  decomposition  reaction  is  found  in  the  so-called  nonotec- 
tic  systems.  In  this  case  a liquid,  Lj , having  the  composition  Cn  (See 
Figure  Id)  decomposes  at  temperature  Tm  into  a solid  phase  and  a liquid, 

L2»  of  a different  composition  according  to  the  reaction 
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L1  -+  A (Solid)  + L2 


the  morphology  of  the  resulting  mixture  can  be  similar  to  that 
achievable  in  eutectic  systems. (2)  However,  there  has  been  relatively 
little  work  performed  with  these  systems. 

Another  common  type  of  transformation  involving  a liquid  is  the 
so-called  peritectic  reaction  in  which  a liquid  and  solid  phase  react  to 
form  another  solid  phase,  C,  according  to  the  reaction 

A + L C 

This  reaction  is  somewhat  different  from  the  eutectic  and  monotectic  reac- 
tions in  that  during  cooling  from  the  homogeneous  liquid  range  a solid, 

A,  is  first  precipitated.  At  temperature,  Tp,  the  solid  A reacts  with 
the  remaining  liqrid  to  form  the  C phase. 

Precipitation  of  solid  ohases  prior  to  decomposition  of  the  liquid 
can  also  occur  in  both  eutectic  and  monotectic  systems  if  the  liquid  com- 
position does  not  correspond  exactly  to  the  eutectic  or  monotectic  com- 
position. In  the  case  of  the  monotectic  system,  either  liquid  or  solid 
droplets  may  precipitate,  depending  on  the  composition  of  the  decomposing 
liquid . 


Materials  containing  mixtures  of  phases  can  also  be  produced  by 
solid-state  reactions  involving  the  decomposition  of  homogeneous  solid 
phases  either  by  the  precipitation  of  a second  phase  from  a super-saturated 
solid  solution  or  by  eutectoid  or  peritectoid  reactions.  The  latter  are 
solid-state  reactions  analogous  to  the  eutectic  or  peritectic  transforma- 
tions involving  liquid  phases.  These  solid-state  reactions  are  of  little 
interest  to  space  processing. 

SPACE  PROCESSING  OF  IMMISCIBLE  MATERIALS 

Only  materials  and  reactions  that  involve  fluid  phases  (liquids  or 
gases)  have  a special  role  in  space  processing.  It  is  only  in  these  that 
the  effects  of  gravity  would  be  pronounced.  The  more  obvious  mechanisms 
influenced  by  gravity  are 

• Segregation  in  a single  phase,  liquid  or  gas,  due  to  density 
differences  arising  from  local  variations  in  composition  or 
temperature 

• Segregation  in  a multiphase  system  due  to  density  differences 
between  drorlet  and  host  phases  (Stokes  Migration) 

• Corvection  currents  in  both  single-phase  fluids  and  those 
co;.  .aining  liquid  or  solid  droplets  due  to  temperature 
gradient-induced  or  composition-induced  density  variations 

in  the  liquid  phase 

• Segregation  of  a liquid  phase  in  a porous  solid  host  phase. 

This  mechanism  may  be  applicable  to  segregation  in  castings 
or  in  liquid-phase  sintered  compacts. 
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What  is  not  obvious  from  the  above  discussion  and  a factor  which 
will  be  shown  later  in  this  paper  is  that  gravity  can  affect  the  fineness 
of  the  structure  resulting  from  the  processing  of  multiphase  materials 
in  which  a fluid  phase  is  involved.  All  other  conditions  being  equiva- 
lent, it  is  anticipated  that  finer  structures  are  achievable  by  processing 
at  0— g because  of  the  absence  of  agglomeration-producing  collision  mecha- 
nisms. 


Our  work  at  Battelle  Columbus  Laboratories  in  the  area  of  immis- 
cible systems  has  concentrated  on  those  systems  containing  a liquid  phase 
miscibility  gap,  i.e.  a two-phase  field  consisting  of  two  liquids 
(Li  + 12  in  Figure  Id)  which  at  sufficiently  high  temperature  becomes  a 
homogeneous  single-phase  liquid.  Our  efforts  in  this  area  have  been 
concerned  with  the  potential  usefulness  of  such  materials,  the  relation- 
ship between  their  microstructure  and  properties,  the  evolution  of  these 
microstruc tures  at  1-g  and  at  0-g,  and  the  role  of  space  processing  in 
developing  unique  properties  and  microstructures  in  these  materials. 

In  the  remainder  of  this  paper,  we  will  review  the  past  pertinent 
work  on  systems  with  miscibility  gaps,  discuss  their  potential  usefulness 
in  terms  of  properties  and  microstructural  features,  describe  a computer- 
simulation  study  aimed  at  understanding  the  development  of  the  microstruc- 
t "re  in  such  systems  at  I-  and  0 g c*nd  discuss  the  potential  of  space 
processing  of  such  systems. 

PAST  WORK  ON  SYSTEMS  WITH  A MISCIBILITY  GAP 

The  past  work  concerning  experiments  on  processing  materials  with 
liquid-phase  miscibility  gaps  at  low-g  have  recently  been  summarized  by 
Reger  and  Yates.  (3)  Their  review  starts  with  the  Appollo  14  experiments 
on  the  system  paraffin-sodium  acetate  trihydrate  with  and  without  addi- 
tions of  argon  or  solid  tungsten  microspheres.  It  also  describes  the  TRW 
low-g  experiments  conducted  in  the  MSFC  drop  tower  on  6i — 50  atomic  percent 
gallium  and  lead — 50  atomic  percent  zinc  alloys  and  those  conducted  in 
KC-135  research  aircraft  on  gold — 40  atomic  percent  germanium  (hypereutec- 
tic composition  in  a simple  eutectic  system),  copper — 50  atomic  percent 
lead  and  chromium — 55  atomic  percent  copper  alloys.  Lastly,  Reger  and 
Yates  described  the  skylab  experiments  on  gold — 23.1  weight  percent  ger- 
manium, lead — 45.1  weight  percent  zinc — 9.9  weight  percent  antimony,  and 
lead — 14,8  weight  percent  tin — 15.0  weight  percent  indium  alloys. 

The  following  observations  were  made: 

Segregation — In  general  the  low-g  processed  material  was  less 
segregated  than  the  terrestrially  processed  samples. 

Microstructure — The  dispersed  phase  was  generally  more  finely 
distributed  in  the  low-g  processed  samples  than  in  those 
processed  at  1-g. 
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Additional  Phases — In  the  case  of  the  gold-germanium  alloys 
and  lead-zinc-ant imony  alloys,  unidentified  X-ray  diffraction 
lines  were  obtained  from  the  0-gravity  processed  samples  and 
not  from  the  samples  processed  at  1-g. 

Unusual  Properties — The  electrical  properties  of  the  Bi-Ga 
alloys  processed  by  Reger  in  the  MSFC  drop-tower  were  studied 
by  Lacy  and  Otto(^).  These  authors  demonstrated  that  the 
finely  dispersed  structures  present  in  some  of  the  low-gravity 
processed  samples  produced  manifestations  of  semiconducting 
behavior,  while  only  metallic  behavior  was  observed  in  the 
coarser  earth-processed  alloy. 

There  has  been  little  analysis  done  of  the  differences  to  be 
expected  in  structure  and  properties  when  systems  containing  a miscibility 
gap  are  processed  at  0-g.  Certainly  the  minimization  of  segregation 
effects  is  expected.  The  observation  of  the  fine  microstructure  obtained 
by  0-g  processing  is  not  as  obvious.  However,  our  computer-simulation 
studies  have  clearly  demonstrated  that  it  also  is  to  be  expected 
as  a result  of  the  removal  of  gravity-driven  collision  processes  which 
cause  droplet  coalescence  during  coniine  through,  or  holding  in,  a mis- 
cibility gap. 


No  explanations  have  been  put  forth  dealing  vTith  the  unexpected 
presence  of  unidentified  phases  in  the  0-g  processed  materials  or  the 
unusual  electrical  properties  observed.  Further  analysis  and  experimen- 
tation is  much  needed  in  this  area. 


(4) 

Reger  and  Yates  have  expressed  cautious  optimism  that  some  space- 
processed  immiscible  systems  will  have  potentially  useful  properties  as 
superconductors,  permanent  magnets,  catalysts,  etc.  A list  of  systems 
containing  known  and  suspected  riscihility  gaps  has  been  compiled  by 
Reger (5)  as  part  of  a NASA  contract.  These  have  been  organized  into 
rather  broad  categories  according  to  their  potentially  useful  preperties. 
The  list  has  become  a starting  point  for  the  Bat  telle  Columbus  Laboratories 
analysis  into  space  processing  of  potentially  useful  immiscible  systems. 


POTENTIAL  OF  SPACE  PROCESSING  MATERIALS 
WITH  A MISCIBILITY  GAP 

As  concluded  from  a recent  NASA  study, there  are  th^ee  prin- 
cioal  resources  that  may  prove  valuable  for  future  space  work  in  materials 
science  and  technology : 


• The  condition  of  virtual  weightlessness 

• The  infinite  vacuum  sink  provided  by  space 

• I n.  1 1 1 1 nuat  id  s • ! -ir  r i-1  i *. 4 J . 
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With  regard  to  space  processing  of  materials  in  general  and  materials 
with  a miscibility  gap  in  particular,  the  weightless  condition  is  the 
most  important  and  the  factor  that  can  lead  to  unique  material  structures 
and  properties.  The  other  two  factors  can  be  reproduced  on  earth  but 
might  have  a significant  influence  on  the  economics  of  a potential  space 
process . 


As  previously  discussed,  low-g  processing  of  materials  with  a mis- 
cibility gap  can  lead  to  products  with  decidedly  less  segregation  and  a 
much  finer  structure.  It  is  these  factors  that  must  be  looked  to  for  any 
unique  products  produced  by  space  processing  of  materials  with  a miscibility 
gap.  There  are,  of  course,  the  possibilities  that  there  are  other  factors 
which  are  presently  unrecognized  that  might  produce  unique  structures  and 
properties  in  these  systems.  Such,  for  example,  may  be  the  situation  in 
the  case  where  phases  having  different  crystallographic  structures  were 
found  present  in  0-g  processed  material  but  not  in  1-g  processed  material. 
Accordingly,  it  is  necessary  to  carry  out  experimental  programs  aimed  at 
uncovering  such  effects  and,  once  uncovered,  to  confirm  that  the  origin 
is  the  low  gravity.  It  is  then  necessary  to  understand  the  mechanisms 
leading  to  the  effect  in  order  to  take  full  advantage  of  it.  However, 
from  the  standpoint  of  predicting  which  systems  with  a miscibility  gap 
have  potentially  useful  properties  when  processed  under  low-gravity  con- 
ditions, we  can  only  rely  on  the  known  or  reasoned  effects  of  low  gravity, 
namely  the  potential  advantage  of  a highly  homogeneous  material  consist- 
ing of  a fine  distribution  of  phases  with  limited  mutual  solubility. 

There  are  still  two  basic  questions  which  must  be  addressed; 

* What  are  the  relations  between  the  potentially  useful  prop- 
erties and  the  fine  homogeneous  structures  that  can  be 
produced  by  space  processing? 

• How  do  the  economics  of  space  processing  determine  which 
systems  with  a miscibility  are  potentially  attractive? 

With  regard  to  the  latter  question,  it  may  be  somewhat  premature 
to  consider  the  economics  of  this  situation  since  too  little  of  the 
necessary  experimental  and  analytical  work  has  been  done  and  since  an 
insufficient  appreciation  of  the  technology  of  space  processing  has  as  yet 
been  obtained. 

We  hcive  nut  devoted  much  of  our  attention  to  the  economic  aspects 
of  this  question,  preferring  to  initially  investigate  a larger  range  of 
systems  rather  than  limit  our  attention  prematurely.  However,  there  are 
certain  economic  ground-rules  that  should  be  kept  in  mind  during  con- 
sideration of  potential  systems  for  space  processing. 

Space  processing  must  produce  either  1)  a unique  product  that 
cannot  be  produced  on  earth  and  be  of  sufficient  value  to  cover  the  costs 
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of  manufacturing  and  transportation,  2)  a product  that  can  be  produced 
more  efficiently  in  space  so  as  to  cover  the  additional  costs  of  trans- 
portation, or  3)  a product  having  sufficient  improvement  in  properties 
and  performance  to  merit  the  additional  expenses  required  in  transporta- 
tion. 


These  guidelines  are,  of  course,  applicable  to  any  product  which 
might  be  manufactured  in  space. 

The  key  basic  question  that  we  are  currently  addressing  is  that 
concerned  with  the  circumstances  under  which  a homogeneous  finely  dis- 
tributed structure  processed  from  a system  with  a miscibility  gap  might 
produce  a material  with  unusual  and  valuable  properties.  Fundamental 
knowledge  (in  some  cases  missing)  of  the  basic  relations  between  the 
structure  and  properties  of  such  systems  is  needed  to  answer  this  question. 
We  need  to  know  what  the  properties  of  the  individual  phases  makirg  up 
the  material  need  to  be  and  how  the  phases  should  be  distributed  to 
produce,  for  example,  a superconductor  with  an  increased  transition  tem- 
perature or  a superior  bearing  material  or  superplastic  material. 

Our  analysis  has  begun  with  the  TRW  listing ^ of  systems  con- 
taining a miscibility  gap  and  the  potentially  useful  properties  some  of 
these  systems  might  display.  The  categories  of  applications  suggested 
by  Reger  are 

Catalysts 

Fine  particle  superconductors 
Fine  particle  permanent  magnets 
Breeder  reactor  fuel 

Nuclear  reactor  structural  materials 
Electrical  contact  materials 
Nuclear  reactor  control  rods 
Bearing  alloys 

Dispersion-strengthened  alloys 
Jewelry 

Solid  lubricants 
III-V  Semiconductors 
Extrinsic  semiconduc tors . 

We  are  also  planning  to  consider  other  categories,  such  as  super- 
plastic materials. 

Since  this  aspect  of  the  work  is  still  incomplete,  our  discussion 
will  deal  only  with  the  approach  to  defining  potentially  useful  systems 
having  a miscibility  gap.  The  conclusions  and  recommendations  must 
await  further  work.  It  should  also  be  mentioned  that  the  outlined  approach 
can  be  used  to  categorize  other  systems  such  as  eutectics  (stoichiometric 
or  off-stoichiometric),  peritectics,  nonn tec t ics  , etc. 


Our  mode  of  operation  consists  first  of  selecting  a potentially 
useful  property,  e.g.  superplasticity  and  defining  where  possible  the 
structural  features  (type  and  distribution  of  the  phase  mixture)  that 
lead  to  enhancement  of  the  selected  property.  In  the  case  of  super- 
plasticity, the  melting  temperatures  of  the  individual  phases  and  the 
fineness  and  intimacy  of  the  phase  mixture  are  important. 

The  next  step  is  to  list  the  systems  that  would  meet  the  defined 
criteria.  It  would  then  be  necessary  to  weigh  the  choice  of  the  selected 
system  on  the  basis  of  the  defined  property,  the  probability  of  achieving 
the  desired  effect,  the  usefulness  of  the  product,  the  competition  from 
earth  processing,  and  an  estimate  of  the  economics  of  the  situation.  From 
such  a listing  of  systems  and  applications,  it  will  be  possible  to  define 
space-processing  experiments  which  could  potentially  lead  to  space- 
manufacturing processes. 


COMPUTER-SIMULATION  STUDY 


Introduction 


A computer-simulation  study  of  a given  physical  process  is  comprised 
of  essentially  two  ingredients:  1)  a physical  model,  which  incorporates 

a description  of  the  major  kinetic  phenomena  giving  rise  to  the  process, 
and  2)  an  appropriate  numerical  interpretation  of  the  physical  model, 
which  can  be  used,  via  the  computer,  to  generate  a quantitative  descrip- 
tion of  the  manner  in  whir  . the  process  under  consideration  evolves  with 
time  tor  given  input  conditions.  CumpuLer ■ simulation  methods  are  finding 
ever-widening  applications  in  the  ma terials-sc ience  area.  This  stems 
partly  from  the  fact  that,  on  the  one  hand,  kinetic  processes  occurring 
in  materials  are  generally  of  an  extremely  complex  nature,  whereas  on  the 
other  hand,  increasingly  sophisticated  technological  applications  of 
materials  require  as  complete  an  understanding  of  materials  behavior  as 
possible.  Among  the  advantages  offered  by  computer-simulation  methods 
are  the  following : 

(1)  One  is  f 'f-od  from  requirements  of  analytical  tractability 
in  the  development  of  theoretical  models.  The  physical 
model  one  uses  as  the  basis  for  his  simulation  is  limited 
only  by  the  bounds  of  current  knowledge  and  the  time  and 
funds  allotted  to  prepare  and  execute  the  program. 

(2)  Phenomena  difficult  to  reproduce  within  the  laboratory 
can  often  be  more  efficiently  carried  out  by  simulation 
techniques . 

(3)  It  is  a relatively  simple  and  inexpensive  matter  to  alter 
processing  and  physical  parameters,  in  a given  computer 
"experiment " , then  repeat  the  "experiment"  to  observe 
resulting  changes. 

(4)  Laboratory  experimentation  can  be  minimized  when  computer- 
simulation  methods  are  used  and  the  simulations  themselves 
represent  a valuable  supplement  to  corresponding  labora- 
tory experiments. 
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Space-production  processes,  in  particular,  because  of  the  unique 
processing  conditions,  cannot  be  tested  completely  in  terrestrial  experi- 
ments, This  fact  provides  the  incentive  for  the  use  of  computer-simulation 
methods,  which  can  be  related  to  partially  relevant  experiments  to  predict, 
as  accurately  as  possible,  the  results  to  be  expected  in  the  zero-gravity 
environment.  Sucn  simulations  take  account  of  the  best  available  theoreti- 
cal results,  and  employ  laboratory  experiments  to  test  the  predictions 
as  far  as  possible. 

The  research  described  herein  constitutes  a computer-simulation 
study  of  transformation  processes  occurring  in  liquid  immiscible  systems, 
the  emphasis  being  placed  upon  behavior  to  be  expected  in  zero  gravity. 

The  two  principal  stages  which  comprise  this  research  are  the  following: 

(1)  formation  and  subsequent  evolution  of  the  distribution  of  second-phase 
droplets  formed  when  an  initially  single-phase  liquid  is  cooled  from  a 
temperature  above  the  miscibility  gap  to  one  within  the  gap;  (?)  solidifi- 
cation of  the  resultant  two-phase  system.  We  are  presently  well  into  the 
development  of  the  first  stage  and  have  not  yet  attacked  the  second  stage. 
Consequently,  we  shall  summarize  here  the  work  which  has  been  done  to 
date  and  then  qualitatively  describe  the  work  yet  to  be  accomplished. 

Transformation  Processes  in  Liquid  Immiscible  Systems 

Basically,  the  approach  of  a liquid  immiscible  system  toward  thermo- 
dynamic equilibrium  involves  a series  of  kinetic  processes,  including 
the  following: 

(1)  Nucleation  of  second-phase  droplets  within  the  super- 
saturated host  phase 

(2)  Growth  of  the  droplets  by  long-range  diffusion  of  solute 
within  the  host  phase,  with  consequent  approach  of  the 
suDersa turat ion  leve]  toward  zero 

(3)  Coalescence  of  droplets  by  any  of  the  following  processes: 

(a)  Direct  impingement  of  growing  droplets 

(b)  Impingement  resulting  from  Brownian-motion  migration 

(c)  Impingement  resulting  from  Stokes  flow,  in  which 
droplet  velocity  (within  a gravitational  field)  is 
a function  of  its  radius 

(d)  Impingement  resulting  f.om  velocity  gradients 
within  host-fluid  flow  field 
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(e)  Impingement  resulting  from  temperature-gradient* 
induced  variation  in  interfacial  energy  (the 
Marangoni  effect)^); 

(f)  Ostwald  ripening,  or  growth  of  larger  droplets 
at  the  expense  of  smaller  ones. (8) 

Droplet  nucleation  results  from  fluctuations  in  solute  concentration  within 
the  host  phase,  and  the  resultant  competition  between  the  decrease  of  Gibbs 
free  energy  associated  with  droplet  formation  and  the  increase  of  inter- 
facial energy.  Droplets  which  attain  a certain  critical  size  are  stable, 
and  cheir  growth  continues  as  the  Gibbs  free  energy  of  the  system  decreases 
toward  its  equilibrium  value.  The  various  coalescence  processes  which 
subsequently  occur  are  driven  by  the  reduction  in  overall  interfacial 
energy,  which  occurs  as  particles  collide  and  merge.  In  addition,  Stokes 
migration  serves  to  reduce  the  overall  gravitational  energy  of  the  system. 
It  should  be  noted  that  droplet  migration  can  be  affected  by  the  magnitude 
of  the  interfacial  energy  between  the  host  phase  and  second  phase,  with 
a relatively  low  energy  resulting  in  reduced  migration  velocities . (9) 

Also,  certain  factors  may  affect  droplet  coalescence,  including  the  fol- 
lowing: (1)  the  probability  that  two  migrating  droplets  approaching  one 

another  will  actually  coalesce  mav  be  reduced  by  effects  of  the  fluid- 
flow  fields  in  their  neighborhood;  and  (2)  a finite  time  is  required  to 
drain  the  liquid  film  separating  two  droplets  in  close  proximity  (see 
Turkdogan*s  discussion  of  these  phenomena)  • 

The  development  of  a quantitative  physical  model  to  describe  the 
separation  kinetics  of  an  immiscible  system  can  best  be  carried  out  in 
terms  of  a continuous  function  f(r,R,t),  which  describes  the  size  dis- 
tribution of  droplets.  To  this  end,  we  define  this  function  such  that 
the  number  dN  of  droplets  (assumed  spherical),  at  time  t,  having  radii 
within  incremental  range  dR  measured  about  R and  lying  within  volume 
element  dr  of  space  measured  at  position  vector  r,  relative  to  the  origin 
of  coordinates,  is  given  by 


dN  « f (r , R, t ) drdR 


This  function  is,  of  itself,  not  of  primary  physical  interest,  although 
properties  that  are  of  interest  (e.g.,  droplet  concentration  n(r,t),  means 
radius  <R> , volume  fraction  fv(r,t))  can  be  expressed  in  terms  of  algebraic 
moments  of  the  distribution  function,  the  moment  being  given  by 

v.(r,t)  h ;R*f(r,R,t)dR 

£ o 

According  to  this  definition. 
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n(?,t)  = u0(?,t)  , 

<R>  = Uj  (r,t)/p0(r,t) 
= 4irp3(r,t)/3 


» Jk. 
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If,  on  the  average,  the  distribution  function  is  independent  of  spatial 
coordinates,  then,  of  course,  the  moments  and  the  associated  properties 
of  the  second-phase  distribution  are  functions  only  of  time. 

One  can  easily  demonstrate  that  the  distribution  function  must 
satisfy  a continuity  relation  having  the  following  form: 

|~+div(vf)  +|1-(vf)  - , (1) 

where  v is  the  velocity  of  a droplet  through  coordinate  space,  v is  its 
rate  of  growth  (i.e.,  its  "velocity"  in  radius  space)  and  the  various 
’‘source’1  functions  \pi  describe  the  rates  at  which  droplets  of  given  size 
are  created  and  annihilated  such  as  through  nucleation  and  collision 
processes.  Clearly,  this  expression  is  analogous  to  the  familiar  Boltzmann 
integrodif ferential  eq 
for  molecules  of  a gas. 

The  source  functions  for  droplet-collision  effects,  resulting  from 
droplet  migration,  are  well  known. (12-14 ) Consider,  for  example,  the 
hypothetical  case  for  which  the  ins tantar.eo’-s  concentration  of  droplets 
having  radii  Ri  and  P.2  are  ni  and  n2»  respectively.  Then  the  rate  at 
which  these  droplets  are  colliding  is  just  n^r^CRl  + &2)^(^1  ~ V2),  where 
vj  and  V2  are  the  respective  velocities  of  particles  of  types  1 and  2. 

(We  are  ignoring,  at  this  time,  possible  spatial  variations  of  droplet 
velocities.)  Of  course,  these  velocities  can  have  contributions  arising 
from  both  Stokes  migration  and  from  velocity-gradients. (1^)  Generaliz- 
ing this  concept  to  a size  distribution  of  droplets,  and  defining 

Q(R',R")  = tt(r*  + R”)2|v'  - v"]  , (2) 

the  source  function  b describing  the  creation  of  droplets  of  radius  R 
is  simply 


nation  which  describes  the  distribution  function 

ni) 


od  rx> 


1 1>  = l/2/dR'/dR"6(R-(R,3-K"3)1'/3)Q(R'  ,R")f  (R'  ,t)f  (R",t) 

Coo 


where  6 is  the  Dirac  delta  function.  Integration  over  R"  yields 

*c  = ~y d-y-273<HR  ’ , (R3-R  ’ 3) 1/3)  f (R ' , t ) 

c 2 0(r1_r.3}2/3 

f ((R3-R'3)1/3,t) 


(3) 


Likewise,  the  source  function,  ^ describing  the  annihilation  of  droplets 
of  radius  R is 


oo 

= -f.;R,t)/dR'Q(R,R')f  (R’.t)  . (4) 

a o 
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Another  source  function  can  also  be  written,  in  principle  at  least,  for 
droplet  nucleation.  This  function  nv>y  depend  largely  upon  empirical 
nucleation  data  for  want  of  an  adequate  nucleation  theory.  Source  functions 
for  creation  and  annihilation  of  droplets  by  direct  impingement,  as  growth 
occurs,  can  also  be  developed.  M 

: ! 

The  growth  velocity  in  droplet-radius  space,  v,  depends  upon  such 
factors  as  cooling  rate,  kinetic  data  (e.g.,  solute  diffusivity  within 
the  host  fluid),  droplet  concentration,  and  phase-diagram  data  describing 
the  miscibility  gap  at  the  temperatures  in  question.  An  adequate  expression 
for  v can  generally  be  derived,  at  least  under  appropriate  simplifying 
assumptions . 

We  thus  have  the  essence  of  the  physical  model  describing  the 
breakdown  of  a liquid  immiscible  system.  It  should  be  noted  that  the 
various  kinetic  processes  are  likely  to  occur  under  different  time  scales, 
so  that  at  any  given  instant,  one  or  another  or  some  combination  of  these 
processes  may  actually  be  dominating  the  overall  kinetics.  In  a given 
situation,  one  or  another  of  the  processes  may  never  contribute  to  an 
appreciable  degree;  for  instance,  if  the  system  of  second-phase  droplets 
is  very  disperse,  direct  impingement  of  growing  droplets  may  occur  only 
to  a negligible  extent. 

In  general,  the  integrodif fei eutial  equation  describing  the  temporal 
evolution  of  the  distribution  function  cannot  be  integrated  analytically. 

It  is  at  this  point  that  the  computer  must  be  brought  in,  and  solutions 
generated  numerically. 

Kinetics  of  Droplet  Growth 

The  Equilibrium  Configuration.  Consider  a hypothetical  liquid 
immiscible  system,  for  which  a portion  of  the  phase  diagram  is  illustrated 
in  Figure  2.  The  system  contains  two  types  of  atoms,  which  we  denote  by 
A and  B.  Let  us  analyze  the  growth  kinetics  i second-phase  droplets  when 
the  system  is  cooled  from  temperature  T^  above  the  miscibility  gap,  down 
to  temperature  T2  within  the  gap  at  atomic  fraction  f of  B atoms,  where 


f 


N + 

A B 


(5) 


with  N,\  and  Ng  being  the  respective  numbers  of  atoms  of  types  A and  B in 
the  system.  (Extensive  quantities,  such  as  numbers  of  atoms,  nay  be  con- 
sidered as  referred  to  unit  volume.)  At  temperature  T2,  the  equilibrium 
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configurations  of  the  system  consists  c a host  phase  and  second  phase 
characterized  by  atomic  fractions  anu  ° * ® atoms,  respectively,  with 


fl  " \i  "bi 


B2 


'2  NA2  + NB2 


(6) 

(7) 


where  and  ^B1  are  the  respective  numbers  of  A and  B atoms  in  the  host 

phase  and  N^2  and  N32  are  the  numbers  of  A and  B atoms  in  the  second  phase. 
Clearly,  we  must  require  that 


NA  - NA1  + NA2  * 

(8) 

NB  " NB1  + NB2  ' 

(9) 

One  can  use  Equations  (5)  through  (9)  *0  derive  the  familiar 
i.e.,  that  the  equilibrium  fractions  F^  and  F 2 of  all  atmnA 
host  phase  and  second  phase,  respectively,  are  given  by 

"lever  rule" 
within  the 

f - f 
Fi  - > - f 

-2  ri 

(10a) 

f - fi 

•F2  " f - f 
2 1 

(10b) 

Obviously,  this  discussion  of  equilibrium  compositions  says  nothing  about 
the  equilibrium  morphology  of  the  second  phase.  The  computer-simula tion 
study  is  devoted  to  evaluating  the  temporal  evolution  of  the  morphology 

of  the  second  phase  as  thermodynamic  equilibrium  is  approached. 

Approach  to  Equilibrium.  Clearly,  a computer-simulation  study 
deals  with  the  nonequilibrium  situation  in  the  sense  of  using  an  appro- 
priate physical  model  -to  describe  the  kinetic  of  the  approach  of  a system 
to  its  equilibrium  configuration.  In  our  case,  we  consider  the  growth 
of  a system  of  second-phase  droplets  under  the  following  simplifying 
assumptions : 

(1)  The  system  is  cooled  to  a temperature  T2  within  the  mis- 
cibility gap,  but  outside  the  spinodal,  such  that  diffu- 
sion coefficients  remain  positive . (15 ) 

(2)  Nucleation  occurs  very  rapidly  and  all  nuclei  are  formed 
at  essentially  time  t * 0. 
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(3)  Growing  second-phase  droplets  are  situated  at  random 
positions  throughout  the  volume  of  the  host  phase,  and 

I at  any  given  instant  during  the  stage  at  which  the  host 

phase  is  decomposing,  all  droplets  have  the  same  size  at 
any  given  instant.  (Thus,  for  example,  effects  due  to 
collisions  and  subsequent  coalescence  of  adjacent  growing 
droplets  are  not  included  in  the  present  treatment.) 

(4)  The  growth  stage  occurs  rapidly  enough  such  that  effects 
of  droplet  migration  through  the  liquid  need  not  be  con- 
sidered while  growth  is  taking  place. 

(5)  The  second  phase  consists  of  droplets  having  composition 
1*2,  and  all  growing  droplets  maintain  this  constant  equi- 
librium concentration  throughout  the  period  of  growth. 

(6)  Droplet  growth  occurs  via  the  long-range  diffusion  of  A 
and  B atoms  through  the  host  phase,  the  diffusion  of  one 
of  these  atonic  species  being  taken  to  be  significantly 
slower  than  the  other  and,  hence,  rate-controlling  when 
atomic  diffusion  is  the  process  governing  droplet  growth. 

In  addition,  the  concentration  field  of  diffusing  atoms 
around  each  growing  droplet  is  taken  to  be  spherically 
symmetric  with  an  otherwise  uniform  field  of  solute  exist- 
ing within  the  host  phase. 

(7)  The  composition  of  the  host  phase  at  the  interphase 
boundaries  is  maintained  at  the  equilibrium  value 
(i.e.,  fraction  f^  of  B atoms). 

(8)  The  average  atomic  volume  occupied  by  A and  R atoms, 

denoted  by  ana  respectively,  does  not  change, 

to  a first  approximation,  through  the  range  of  relative 
compositions  within  the  given  system. 

Obviously,  the  validity  of  assumptions  such  as  these  must  be  tested  both 
throxigh  comparison  with  experimental  data  and  through  demonstrated  self- 
consistency  within  the  physical  model. 

In  simulating  the  approach  of  the  system  to  thermodynamic  equilib- 
rium, upon  cooling  to  tempera t ures  within  the  miscibility  gap,  two  limit- 
ing cases  can  be  considered:  (1)  cooling  rate  occurring  very  rapidly 

relative  to  the  rate  at  which  atoms  can  diffuse  to  droplets,  and  con- 
versely (2)  cooling  rate  occurring  very  slowly  relative  to  the  rates  of 
diffusive  inf 1 mx  to  droplets.  In  the  former  situation,  decomposition  of 
the  host  phase  dees  nut  b^gin  until  cooling  is  virtually  finished;  in  the 
latter,  cooling  occurs  so  slowly  that  the  system  is  always  in  virtual 
equilibrium  as  defined  by  the  phase  diagram.  Of  course,  cooling  can  also 
occur  at  intermediate  rates,  such  that  no  process  is  rate  controlling, 
but  we  shall  not  consider  tnis  significantly  more  complex  problem  at  this 
time . 
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Very  Rapid  Cooling,  Consider , first,  diffusion-controlled  growth 
kinetics.  The  system  is  rapidiy  cooled  to  temperature  T2  (after  Figure  2) 
upon  which  n droplets  nucleate  from  solution  and  begin  to  grow.  We  assume 
an  initially  homogeneous  system,  and  also  take  the  diffusion  of  B atoms 
to  be  rate-controlling.  Now  let  NA2  and  Nq2  be  the  instantaneous  numbers 
of  A and  B atoms,  respectively,  in  the  second  phase,  and  likewise,  let 
be  the  instantaneous  numbers  of  A and  B atoms  in  the  host 
phase.  Clearly, 


Na  - N'  + N * 

A A1  A2 


N ■ N * + N? 

B B1  B2 


and  from  assumption  (5), 


, _!k__ 

2 ' *■  n;2 


(11) 

(12) 


(13) 


A « i 4 « ^ £ ? 

U .4.  i.  ^ , 
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within  the  host  phase,  i.e.. 


fi 


nbi 


n;i 


(14) 


It  is  evident  that  f^  is  equal  to  f initially  and  approaches  f^  as  decom- 
position of  the  host  phase  approaches  completion. 

Let  us  assume  the  diffusion  kinetics  to  be  quasistationary,  imply- 
ing that  the  diffusion  of  B atoms  to  droplets  can  be  described  to  a good 
approximation,  using  the  time-independent  diffusion  equation  (this  will 
yield  an  underestimate  of  the  instantaneous  rate  of  influx  of  B atoms  to 
droplets).  One  thus  obtains  the  following  expression  for  the  rate  at 
which  changes  with  time,  t: 


dIk 

dt 


4*nD3(CBl 


'Bl' 


, _2„e  dR 

1TnR  CBldt 


(15) 


where  Dg  is  the  diffusion  coefficient  for  B atoms  in  the  host  phase, 

Cgi  is  the  concentration  of  B atoms  within  the  host  phase  at  distances 
far  from  any  droolets,  C|^  is  the  equilibrium  concentration  of  B ^tcmn 
in  the  host  phase  at  temperature  T9  and  R is  the  instantaneous  droplet 
radius.  The  first  term  on  the  right-hand  or  Equation  (15)  represents 
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the  net  rate  of  diffusive  influx  of  B atoms  into  droplets  and  the  second 
term  represents  the  rate  at  which  B atoms  already  present  in  the  host  phase, 
at  the  interface,  are  collected  into  droplets.  I 

Now  one  can  use  Equations  (5)  to  (14)  to  show  that 


'bi  (i  - f ')qa  4 f 'nB 


ai  0 - f2)nA  + fnnB  ’ 

NBf2  f - fl 

nb2  * • (18) 

In  addition,  the  instantaneous  total  volume  occupied  by  the  second-phase 
droplets  is  just 


- « ft’  Q + ft 

3 ‘ A2  A WB2  B 

Combining  Equations  (13)  and  (19), 

- W W 

from  which  ve  obtain 


4-'R2dT  ■ r2''  « - f2>°A + *2“«;  if  ■ <21> 

Differentiating  Equation  (1ft)  with  respect  t“o  time  and  substituting  the 
result,  together  witn  Equations  (16),  (17),  and  (22)  into  (15),  we  obtain 


-Wf  - i 

m2  V (f  V + 


<>  - fl>«A  + fl=S 
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where 


31/3Db  (4imf  2/3  . i/3 

X = f2(f2  - f)a  NB  1(1  " r2)0A  + f2aB] 


with 


_ 1 fl.(1  ' f2)nA  + f2flB, 


Integration  of  Equation  (22),  by  some  appropriate  method,  will  yield  the 
explicit  variation  of  f^  with  time. 

Also,  one  can  combine  Equations  (18)  and  (20)  to  obtain 


AtthR' 


f - 


fi 


f u,  - f 


-mi  - 


f2>nA 


f2nB] 


(23) 


Equation  (23)  is  a direct  relation  between  the  total  volume  of  droplets 
(or  volume  fraction,  if  we  refer  n and  N to  unit  volume)  and  the  parameter 

c » " 


We  have  solved  Equation  (22)  numerically  using  a fourth-order 
Runge-Kutta  method  and  using  the  following  representative  numerical  values: 


fx  - 0.3,  f - 0. A , f2  - 0.7 

-23  3 

= ft  = 3 x 10  J cTii 

A 

Nb  = (4/3)  x 1022cnf 3 
D = (4/7)  x 10  ^cnC/sec 

D 


The  results  are  plotted  in  Figure  3 T*or  three  different  droplet  concentra- 
tions. Note  that  growth  proceeds  f';s_  r as  the  droplet  concentration 
increases . This  is  what  one  would  expect,  since  higher  droplet  concen- 
trations mean  that  solute  atoms  have  smaller  distances,  on  the  average, 
to  diffuse  in  order  to  reach  droplets.  The  times  predicted  here  for  growth 
to  take  place  (of  the  order  of  a tenth  of  a second  or  less  for  these  par- 
ticular cases)  are  roughly  consistent  with  the  predictions  of  Lindborg 
and  Torssell(^)  ancj  Qf  Turkdogan (10)  for  the  growth  of  deoxidation 
products  from  a liquid  metal.  One  can  show,  by  substituting  appropriate 
numerical  values  into  Fquation  (23),  that  the  net  volume  fraction  occupied 
by  second-phase  droplets  at  the  conclusion  of  growth  is  ^ " volume  percent 
for  all  three  cases  (noting  that  f|  = f^  when  growth  is  completed. 
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Very  Slow  Cooling*  At  the  opposite  extreme  of  the  limiting  case 
discussed  above  is  that  corresponding  to  a cooling  rate  so  slow  that  the 
distribution  of  atoms  between  host  phase  and  second  phase  always  remains 
in  quasiequilibrium,  relative  to  the  phase  diagram,  as  the  temperature 
is  lowered  into  the  miscibility  gap*  The  instantaneous  volume  occupied 
by  the  droplets  is  still  given  by  an  expression  analogous  to  Equation  (23), 
i.e.  , 


AttoR" 


W- 

£ (fi  • 


f 


-MU  - 


f2)i!A 


f2V 


(24) 


where  now  f ' and  fi  represent  the  atomic  fraction  of  B atoms  at  the  lower 
and  upper  compositional  limits  of  the  miscibility  gap  corresponding  to 
the  instantaneous  temperature  T.  As  T is  slowly  lowered  to  its  final  value 
T2  (see  Figure  2),  fj  and  f^  follow  the  miscibility-gap  limits  and  finally 
reach  values  f^  and  F^  respectively,  at  the  final  temperature  T^. 

Equation  (24)  can  be  differentiated  with  respect  to  time,  noting  that 


dt 


where  T is  the  cooling  rate  and  where  i * 1,2  with  the  derivative  df^/dT 
being  the  local  slope  measured  along  the  locus  of  points  defining  the 
limit  of  the  miscibility  gap.  One  thus  obtains. 


4irnR 


dR 

dt 


NjT 


- fpT 


{(f  - 


f{)[u  - 


f ' )Q 

1 1 A 


df2 

1 B dT 


+ (f’  - f)[(i  - f')nA 


df2 

♦ dr  > 


(25) 


We  see,  from  Equation  (25),  that  the  geometry  of  the  miscibility  gap  (in 
composition-temperature  space)  becomes  an  important  factor  in  determining 
droplet  growth  kinetics  at  very  slow  cooling  rates. 

Droplet  Coalescence 

Once  the  growth  of  liquid  droplets  from  the  host  phase  is  completed, 
the  structure  of  the  two-phase  system  can  undergo  continued  changes 
resulting  from  droplet  coalescence.  Coalescence  can  potentially  occur 
by  any  of  the  several  processes  previously  described,  although  it  is  likely 
that  not  all  of  these  processes  contribute  significantly  under  a given 
set  of  conditions.  Except  for  the  direct  overlap  of  growing  droplets, 
coalescence  processes  generally  occur  on  a larger  time  scale  compared  to 
r.ucleation  and  growth  processes  and,  if  such  is  the  ease,  can  be  assumed 
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to  occur,  to  a significant  extent,  only  after  the  separation  of  the  system 
into  its  two  component  phases  has  been  virtually  completed.  Let  us 
assume  here  (1)  that  coalescence  is  indeed  important  only  after  growth 
is  completed,  (2)  that  coalescence  occurs  principally  by  the  collision  of 
moving  droplets,  and  (3)  that  the  size  distribution  ot  droplets  is,  on 
the  average,  independent  of  spatial  coordinates.  In  this  case,  Equation  (1) 
reduces  to 


V"S  * ♦ „ + * (26) 

d t c a 

where  pc  and  'pa  are  given  by  Equations  (3)  and  (4),  respectively. 

Equation  (26)  can  be  integrated  numerically  once  appropriate  velocity 
functions  are  selected  to  describe  the  droplet-migration  kinetics  (see 
liquation  (2)). 

Our  computer-simulation  study  of  droplet-collision  kinetics  consists 
essentially  of  an  integration  of  Equation  (26)  using  a form  of  the  Gaussian 
quadrature  procedure.  To  permit  the  accuracy  of  the  integration  to  be 
altered  in  a convenient  way,  a five-term  quadrature  was  modified  to  include 
a variable  integration  interval.  To  obtain  higher  accuracy,  the  integra- 
tion interval  was  subdivided  into  a set  of  smaller  intervals.  The 
accuracy  of  the  procedure  could  be  tested  by  computing  the  total  volume 
of  droplets  whicl  should  be  invariant  in  time. 

The  result  of  a sample  calculation  (carried  out  using  data  of 
Lindborg  and  Torssell  and  including  effects  of  Stokes  rise  and  fluid- 
velocity  gradients  on  droplet  migration)  is  shown  in  Figure  4 on  computer- 
drawn  curves.  It  can  be  seen  th  it , at  least  for  the  times  shown,  the 
principal  effects  of  droplet  migration  and  collisions  is  to  cause  the 
magnitude  of  the  distribution  function  to  become  reduced  at  smaller  radii 
and  increased  at  larger  radii.  This  is  to  be  expected,  of  course,  since 
smaller  droplets  are  being  "lost"  from  the  distribution  as  collisions 
occur,  and  larger  droplets  are  consequently  being  formed. 

FUTURE  PLANS 

Future  work  in  the  area  of  -immiscible  materials  and  alloys  will 
continue  the  exploration  of  systems  ^ i t h a liquid  phase  miscibility  gap. 

Computer-simulation  studies  in  th:s  area  will  initially  concentrate 
on  the  terrestrial  behavior  of  such  systems.  Experiments  conducted  under 
various  cooling  conditions  on  Al-In  alloys  will  provide  experimental  data 
on  droplet-size  distributions  for  testing  the  self  consistency  of  the 
computer  simulation. 

Once,  the  simulation  is  found  to  correlate  wt 13  with  the  terrestrial 
data,  attention  will  be  focussed  upon  behavior  to  be  expected  in  space. 
Processes  which  contribute  terrestrially  only  to  second  order  (e.g.,  Ostwald 
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ripening)  effects  can  be  expected  to  play  a more  dominant  role  in  space, 
once  the  removal  of  first-order  gravitational  effects  is  achieved.  Ini- 
tial application  of  the  computer  simulation  to  studies  of  droplet- 
coalescence  kinetics  in  zero  gravity  will  be  made  to  a Science  Demonstration 
Experiment  conducted  on  Skylab.  The  experiment  deals  with  the  separation 
of  an  initially  well-mixed  oil-water  mixture. 

Simulation  studies  will  also  be  made  of  the  solidification  kinetics 
of  two-phase  liquid-metal  systems  and  effects  of  zero  gravity  are  also 
likely  to  be  felt  here  as  well  as  in  the  kinetics  of  second-phase  coales- 
cence . 


In  addition,  experiments  will  be  repeated  at  low-g  on  the  Al-In 
alloy  system  to  provide  additional  comparative  data  on  the  particle-size 
distribution  at  low-g  verses  1-g. 

Finally,  select  systems  containing  miscibility  gaps  will  be 
experimentally  screened  by  measuring  specific  properties  of  potential 
interest.  This  will  be  done  on  alloys  which  have  been  very  rapidly  cooled 
to  produce  structures  which  might  simulate  those  obtained  by  0-g  pro- 
cessing. This  experimental  work  will  be  in  addition  to  the  analytical 
efforts  underway  for  evaluating  the  potential  of  these  systems. 
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FIGURE  1.  VARIOUS  TYPES  OF  IMMISCIBLE  SYSTEMS. 


1026 


Temperoture 


Time  t,  10  sec 


FIGURE  3. 


VARIATION'  OF  f\ , WITH  TIME, 
DROPLET  CONCENTRATIONS 


DURING  DROPLET  GROWTH,  FOR  THREE  DIFFERENT 


Droplet  Radius,  Arbitrary  Units 


figure  4 


COMPUTER  PLOTTED  SIZE  DISTRIBUTION  FUNCTIONS  SHOWING  THE 
COALESCENCE  UK  DEOXIDATION  PRODUCTS.  RAW  DATA  FROM 
LINDDOrG  f ORSSE  LL*  ^ 


THE  ELECTRICAL  PROPERTIES  OF  LOW-G 

PROOFS SEP  IMMISCIBLE  ALLOYS 


N 7 4 2992 


By 

G,  H.  Otto* 

Physics  Department 
University  of  Alabama  in  Huntsville 
Huntsville  * Alabama  35807 

and 

L.  L.  Lacy 

Space  Sciences  Laboratory 
NASA/Marshall  Space  Flight  Center,  Alabama  35812 

SUMMARY 

When  dispersed  or  mixed  iramiscibles  are  solidified  on  earth,  a large 
amount  of  separation  of  the  constituents  takes  place  due  to  differences  in 
densities.  However,  when  the  immiscibles  are  dispersed  and  solidified  in 
zero-gravity,  density  separation  does  not  occur,  and  unique  composite 
solids  can  be  formed  with  many  new  and  promising  electrical  properties. 

By  measuring  the  electrical  resistivity  and  superconducting  critical 
temperature,  TCf  of  zero-g  processed  Ca-Ri  samples,  it  has  been  found  that 
the  electrical  properties  of  such  materials  are  entirely  different  from 
the  basic  constituents  and  the  ground  control  samples.  The  finest  dis- 
persions are  obtained  only  in  a low-gravity  environment.  The  degree  of 
dispersion  critically  controls  the  temperature  dependence  of  the  electri- 
cal resistivity.  Our  results  indicate  that  space-processed  immiscible 
materials  may  form  an  entirely  new  class  of  electronic  materials. 

This  paper  will  also  briefly  review  the  interesting  electrical 
properties  of  directionally  solidified  Al-Cu  eutectic,  a two-comnonent 
alloy  consisting  of  A1  md  A^Ou  which  was  rron  ssi'd  on  Skv'ah 
The  electrical  resistivity  of  di  rec  ..ionai  Lv  solidified  eutectics  wrh  a 
lamellar  structure  are  highly  anisotropic  and  have  been  studied  both 
experimentally  and  theoretically.  The  local  resistivity  of  the  space- 
processed  samples  are  compared  to  a ground  control  sample  and  to  the 
expected  theoretical  results. 


I.  INTRODUCTION 

Immiscible  alloys  may  defined  as  two  or  more  component  materials 
which  are  mutually  insoluble  whe.i  intimate lv  nixed  at  a given  t • rr ■ rature 
and  pressure.  Each  of  the  components  of  the  complex  may  he  either  a gas 
(G)  , a liquid  (L) , or  a solid  (S).  A few  of  the  following  examples  will 
illustrate  some  of  the  possible  binary  combinations.  Perhaps  the  most 
common  of  the  immiscible  substances  is  the  liquid-liquid  (L,L)  system 
(i.e.,  water/oil  emulsions).  Also  widely  known  is  the  liquid-solid  (L,S) 
system  such  as  sols  (i.e.,  ink)  and  the  liquid-gas  system  such  as  foams. 

*Paper  presenced  by  G.  H.  Otto. 
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PRDCEDING  PACT:  BLANK  NOT  F'T.MED 


An  Important  economic  class  of  Immiscible  materials  is  the  solid-solid 
group  of  which  some  solidified  alloys  are  the  best  examples.  By  the  above 
definition*  solidified  eutectics  would  be  in  the  (S,S)  system* 


Since  the  two  components  of  a complex  usually  have  different  densities, 
the  dispersion  of  one  of  the  components  (G,  L,  or  S)  into  a liquid  matrix 
will  result  in  the  separation  of  the  two  phases  when  the  operation  is  per- 
formed on  earth.  The  main  technique  for  overcoming  density  segregation  in 
emulsions  is  to  reduce  the  size  of  the  dispersed  particles  to  the  submicron 
range  such  that  the  Brownian  motion  prevents  settling  and  to  keep  the 
mixtures  dilute  such  that  the  rate  of  coalescence  is  small.  If  the  dis- 
persion is  performed  in  zero-gravity,  particles  (either  G,  L,  or  S)  of  any 
size  and  density  can  be  uniformly  mixed  within  a liquid  matrix  and  subse- 
quently solidified.  In  the  low  gravitational  field  levels  (1CT^  to  10~6  g) 
experienced  in  earth  orbit,  only  the  small  adhesive  and  cohesive  forces 
and  the  mixing  technique  control  the  uniformity  of  the  particle  distribu- 
tion. Even  in  zero-gravity,  a question  remains  of  whether  or  not  a (L,L) 
dispersion  tends  to  separate  by  coalescence  for  long  so  1 id i f ica t ion  times. 

It  has  been  demonstrated  in  this  respect  on  Sky  lab  4 that  a dispersion  of 
oil  and  water  will  not  visibly  change  and  separate  bv  coalescence  within 
a period  of  10  hrs[l].  Such  a t.me  interval  is  sufficient  for  most  solidi- 
fication rates. 


The  absence  of  densi ty  segregation  in  zero-gravity  allows  processing 
and  solidification  of  immiscible  alloys  and  new  metal  systems  which  cannot 
be  on  o a r -7 h - In  this  paper,  wo  will  consider  both  theoretically  and 

experimentally  the  electrical  properties  of  such  binary  material  systems, 
an  account  of  which  has  been  presented  enrlier[2].  Of  particular  interest 
to  us  are  the  expected  properties  of  zero-g  solidified  emulsions  (L,L)  and 
sols  (L,S).  In  the  next  section,  we  will  theoretically  consider  some  of 
the  parameters  expected  to  influence  the  electrical  properties  of  such 
materials.  Sections  III  and  IV  d^al  with  the  electrical  and  superconduct- 
ing properties  experimentally  observed  for  low-g  processed  samples  of 
CJa-Bi  (L,L  system).  Ip  Section  V,  we  will  report  on  the  results  of 
measurements  of  the  electrical  resistivity  in  directionally  solidified 
samples  of  Al-Cu  eutectic  processed  on  Sky  lab  1 and  4. 

II.  THEORETICAL  CONCEPTS 


The  electrical  components  of  a solidified  immiscible  system  can  be 
divided  into  four  classes:  insulators,  semi conduc tors , conductors,  and 

superconductors.  This  classification  of  the  components  has  been  schemati- 
cally illustrated  in  Figure  1 along  with  typical  values  of  the  relative 
resistivity  o and  a common  example  in  each  class.  The  over lapping  area 
represents  those  few  materials  in  each  class  which  may  take  the  properties 
of  two  different  classes  depending  on  temperature,  pressure,  and  impurity 
conditions.  The  superconductors  are  considered  as  a subclass  of  conduc- 
tors, since  they  are  normal  conductors  above  some  critical  temperature, 

Tc,  which  is  typically  below  about  20K.  What  is  important  for  our  dis- 
cussion here  is  that  the  properties  of  a given  material  generally  fall  in 
only  one  of  the  above  classes;  there  are  very  few  materials  which  fall  into 
the  overlapping  areas.  With  zero-gravity  dispersion  and  solidif ication  of 
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immiscibles,  we  are  suddenly  faced  with  the  possibility  of  obtaining  en- 
tirely new  electronic  materials  whose  properties  have  been  crossbred  from 
the  above  components. 

Since  either  the  matrix  or  *;he  dispersed  phase  may  have  any  one  of 
the  above  properties,  16  different  permutations  are  possible.  Indeed, 
many  interesting  and  useful  combinations  could  be  produced.  For  example, 
if  one  dispersed  a small  amount  of  particulate  insulator  (i.e.,  oxides)  in 
a superconducting  matrix,  the  resulting  composite  could  carry  a larger 
critical  current  than  the  basic  superconductor  because  of  an  increase  in 
magnetic  flux  pinning.  The  immiscible  used  in  the  above  example  would, 
however,  behave  quite  differently  if  superconducting  particles  were  dis- 
persed in  an  insulating  matrix.  The  only  difference  between  the  two  exam- 
ples is  the  relative  volume  fraction  of  each  phase  used.  The  electrical 
resistance  of  the  two  immiscibles  would  differ  by  many  orders  of  magnitude; 
one  would  be  a good  superconductor  with  a resistivity  p of  less  than 
10*20  yft-cra,  and  the  other  would  be  a low  temperature  diamagnetic  insulator 
of  p ~ 1C15  jjft-cm.  The  behavior  of  such  an  immiscible  system  (i.e.,  Pb-PbO) 
would  change  greatly  virh  small  changes  in  the  volume  fractions  of  the  two 
phases.  Other  interesting  combinations  would  include  semiconductcrs-super- 
conductors  and  superconduc tors-conduc tors. 

If  one  also  includes  the  magnetic  properties  of  the  materials  (i.e., 
ferromagnetic,  diamagnetic,  or  magnetoresistive),  the  number  of  combina- 
tions becomes  very  large,  and  synergistic  material  properties  may  appear. 

For  example,  if  one  should  disperse  ferromagnetic  particles  of  low  retenti- 
vity  (e.g.,  Fe)  into  a magnt Loresis tive  matrix  (e.g.,  Si),  the  resulting 
composite  should  have  greatly  enhanced  magnetoresistive  properties.  Such 
immiscibles  could  act  as  magnetic  switches  or  solid  state  relays  with  fast 
switching  times.  This  immiscible  system  might  also  be  useful  as  a magne- 
tic detector  with  enhanced  sensitivity. 

Another  important  concept  concerning  the  electrical  properties  of 
space-solidified  immiscibles  is  that  these  properties  will  depend  on  size 
and  interface  effects.  When  the  size  of  the  dispersed  phase  becomes 
smaller  than  some  critical  distance,  the  electronic  properties  of  the 
composite  will  undergo  la^ge  changes.  This  critical  size  depends  on  the 
particular  property  of  interest,  but  in  many  cases  may  be  comparable  to 
the  electron  nean-f ree-pa th , which  is  typically  10~^  to  10“^  m.  Simultan- 
eously, with  the  decreasing  size  of  the  dispersant,  the  amount  of  inter- 
face area  increases  leading  to  increased  electron  scattering.  For  spheri- 
cal particles  of  radius  R,  dispersed  in  a continuous  matrix,  the  total  sur- 
face area  S of  the  dispersed  phase  per  unit  volume  is 

S - 3v/R  , (1) 

where  v is  the  volume  fi act  ion  of  the  dispersed  phase.  Thus,  as  will  be 
shown  in  the  next  section,  a decrease  in  R will  lead  to  an  increase  in  S 
with  a subsequent  increase  in  electron  scattering  and  interface  effects. 

For  materials  with  R < 10“6  m,  the  dispersed  phase  may  achieve  thin  film 
properties,  and  the  matrix  phase  is  expected  to  be  strongly  influenced  by 
these  surface  effects. 
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In  summary,  the  electrical  or  magnetic  properties  of  space-processed 
immiscibles  would  depend  on  the  nature  of  each  phase  (i.e.,  insulator  or 
conductor),  the  volume  fraction  of  each  phase,  and  the  size  of  the  dis- 
persed particles. 


III.  ELECTRICAL  RESISTIVITY  OF  Ga-Bi 

A simple  method  for  obtaining  a liquid  dispersion  of  two  metals 
without  having  to  mechanically  mix  is  to  make  use  of  the  miscibility  gap, 
occuring  in  numerous  metallic  constitution  diagrams [3].  Samples  of  Ga-Bi 
were  processed  during  3.5  sec  of  free  fall  in  the  MSFC  drop  tower[4].  In 
this  time  span,  a single-phase  metallic  liquid  was  cooled  through  the  liquid 
miscibility  gap  to  form  two  liquid  phases  which  were  subsequently  solidi- 
fied. A ground  control  sample  was  processed  under  otherwise  identical  con- 
ditions except  that  the  sample  was  not  dropped.  The  Ga-Bi  samples  were 
processed  in  tantalum  containers  using  metals  with  at  least  99.999  percent 
purity  and  a concentration  of  50  a/o  of  each  element.  Details  of  the  pro- 
cessing procedure  are  given  by  Reger  and  Yates l 5]. 

Photomicrographs  of  the  samples  can  be  seen  in  Figure  2,  where  the 
light-colored  areas  represent  the  Bi  matrix  and  the  darker,  circular  areas 
are  the  Ga.  As  expected,  the  low-g  processing  led  to  a finer  and  more 
uniform  dispersion  of  Ga  particles  in  a Bi  matrix. 

The  temperature  dependence  of  the  electrical  resistivity  p(T)  was 
m pflsurHi!  oil  two  dropped  samples  (A  and  B)  and  one  ground  control  sample 
(C)  by  the  conventional  four-contact  technique.  A constant  current  of 
10  mA  was  passed  through  a thin  slice  or  the  material  by  means  of  fine- 
spring-loaded-copper  wires  contacted  to  the  sample  bases  by  silver  con- 
ductive paint.  The  voltage  drop  was  measured  on  two  separate  potential 
leads  and  could  be  recorded  as  a function  of  temperature.  The  sample 
temperature  was  measured  with  a calibrated  platinum  resistance  thermo- 
meter to  20K  and  below  this  temperature  with  a calibrated  Ge  resistance 
thermometer . 

The  results  of  the  resistivity  measurements  o(T)  are  given  in  Figure  3. 
Each  letter  refers  to  the  same  samples  as  identified  in  Figure  2.  The 
results  clearly  show  that  the  resistivity  of  the  zero-gravity  samples  (A  and 
B)  is  quite  different  from  the  ground  control  sample  (C) . For  comparison, 
the  resistivities  for  pure  Bi  (curve  D)  and  pure  Ga  (curve  E)[6]  have  also 
been  included.  The  room  temperature  (295K)  value  for  all  samples  is  approx- 
imately the  same  as  for  the  pure  Bi.  An  absolute  determination  of  p for  all 
samples  is  limited  by  the  small  sample  geometry  to  within  8 percent,  indi- 
cated by  the  room  temperature  error  bar.  However,  the  relative  values  of  p 
for  a given  curve  are  accurate  to  within  1 percent.  What  is  of  interest 
here  is  than  the  changes  in  resistivity  as  a function  of  temperature  for  the 
three  samples  are  quite  different. 

The  slope  (dp/dT)  of  the  curves  (C) , (D) , and  (E)  are  all  positive 
which  is  typical  of  normal  conductors.  Note  that  the  coarse  dispersion 
of  the  ground  control  sample  (C)  has  given  a material  with  the  same 


electrical  characteristics  as  for  pure  Bi,  However,  when  the  dimensions 
or  diameter  of  the  dispersed  C, a particles  in  sample  (B)  become  small 
(3-10  urn),  the  electrical  characteristics  of  the  Bl  matrix  have  changed 
(i.e.,  tli  /dT  s 0).  For  even  smaller  dispersions  (d  ^ 1 urn)  as  seen  In  tin' 
zero-g  sample  (A),  the  conductivity  of  the  matrix  has  completely  changed 
such  that  dp/dT  < 0,  and  a broad  maximum  occurs  at  100K.  The  high  tempera- 
ture resistivity  of  sample  (A)  behaves  similar  to  an  intrinsic  semiconduc- 
tor. As  indicated  by  Equation  (1),  the  resistivity  of  the  samples  depends 
strongly  on  the  particle  size  R even  for  the  same  volume  fraction  v. 

In  the  low  temperature  region  between  25  and  4.2K,  all  samples  show 
typical  metallic  behavior.  The  temperature-dependent  resistivity  may  be 
expressed  as  the  sum  of  a temperature-independent  term,  pQ,  and  a tempera- 
ture-dependent term,  Pi(T)  = CTn,  in  accordance  with  Mat thiessen 1 s rule[7], 

p = p + CTn  . (2) 

o 

The  value  of  p0  can  he  associated  with  electron  scattering  from  impurities, 
defects,  or  interfaces  and  is  indeed  very  high  for  sample  (A),  having  the 
finest  dispersion.  From  Figure  3,  it  can  be  seen  that  pG  increases  as  the 
particle  size  becomes  smaller,  indicating  that  p0  is  proportional  to  the 
surface  area  S in  Equation  (1).  The  temperature-dependent  term  for  all 
samples  can  be  expressed  with  n varying  between  2 for  pure  bi smith  and 
4 for  pure  gallium. 

Similar  resistivity  peaks  have  been  reported  by  Thompson [8]  for  Bi 
samples  doped  with  Pb,  Sn,  and  Go.  it  should  be  noted,  however,  than  our 
results  are  not  expected  to  be  Influenced  by  impurity  effects,  since  very 
pure  materials  were  used  and  the  resistivity  peak  does  not  occur  for  the 
ground  control  sample. 

In  summary,  our  results  show  that  the  electrical  properties  of  the 
Bi  matrix  are  drastically  changed  by  zero-g  processing.  The  finer  the 
dispersion,  the  more  pronounced  is  the  change  in  the  properties  of  the 
composite  as  expected  from  Equation  (1). 

IV.  SUPERCONDUCTIVITY  OF  Ca-Bi 

In  many  instances,  the  superconducting  properties  of  a material  can 
be  used  as  a complementary  means  of  analyzing  its  conditions  of  state. 
Although  bismuth  in  its  bulk  form  is  not  superconducting[9]  above  a temper- 
ature of  0.5K,  gallium  should  show  a transition  to  the  superconducting 
state[10]  at  1.08K. 

Whereas  the  resistance  measurements  indicate  the  formation  of  snper- 
eoiuluc t i ng  paths  in  the  material,  the  inductance  measurements  reveal  the 
amount  of  magnetic  flux  excluded  from  the  material  as  it  becomes  super- 
conducting. Typical  results  of  the  inductance  measurements,  where  the 
sample  is  located  inside  a coil,  are  shown  in  Figure  4.  In  Figure  4,  the 
relative  change  in  inductance,  AL/L,  is  plotted  against  temperature.  The 
sharp  change  in  inductance  at  7.9K  reveals  a superconducting  phase  with  a 
broad  transition  extending  until  6. OK.  Using  a calibration  sample  of 
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known  superconducting  volume,  the  signal  amplitude  can  be  used  to  deter- 
mine the  volume  fraction  of  the  superconducting  phase  in  the  Ga-Bi  samples. 
Ail  samples  contained  between  1.5  to  3.0  volume  percent  of  the  supercon- 
ducting phase. 

Since  it  is  found  that  all  samples,  including  the  ground  control 
samples,  contain  a small  fraction  of  the  superconducting  phase,  then  the 
superconductivity  cannot  be  entirely  associated  with  the  dispersed  Ga 
particles  or  the  Bi  matrix.  Annealing  of  the  samples  up  to  100°C  for  40 
min,  which  is  70°C  above  the  melting  temperature  of  Ga,  leaves  the  amount 
of  the  superconducting  phase  nearly  unchanged. 

Although  part  of  the  samples  becomes  superconducting,  the  resistivity 
does  not  drop  to  zero  at  temperatures  below  7.9K.  as  may  be  seen  from  Figure 
3.  In  fact,  the  resistance  at  this  particular  temperature  did  not  drop  by 
more  than  1 percent,  which  is  the  relative  accuracy  of  the  resistance 
measurement.  This  observation  indicates  that  the  superconducting  phase 
consists  of  isolated  regions. 

The  fact  that  portions  of  the  samples  become  superconducting  above 
the  usual  Tc  of  either  component  cannot  be  attributed  to  processing  in 
zero-g,  since  the  ground  control  sample  shows  the  same  eifect.  The  be- 
havior must  be  attributed  to  a change  in  state  of  some  of  the  gallium  or 
bismuth.  Both  materials  are  known  to  produce  phase  changes,  some  of  which 
arc  listed  in  Table  I,  when  put  under  sufficiently  high  pressure [11]  or  when 
fabricated  in  chin  films [ 17 ? 131,  The  transition  temperature  changes 
accordingly  and  can  be  as  high  as  8.55K  for  Bi  under  a pressure  of  90  kbar 
or  8.4K,  respectively,  for  thin  film  gallium.  There  is  a strong  possibi- 
lity that  either  of  these  phases  may  exist  in  our  samples. 

Table  I.  Transition  temperature  and  superconducting  volume 
of  various  Ga,  Bi,  and  Ga-Bi  samples 


Sample 


T (K)  Superconducting 

(percent) 


(A) 

8.01 

1.7 

(B) 

7.96 

1.6 

(C) 

7.95 

3.0 

Ga 

1.08 

- 

I'.a  (3) 

6.2 

- 

Ga  (y) 

7.62 

- 

Ga  (thin  film) 

8 . 4 

- 

Bi 

< 0.5 

- 

Bi  IV  (43  kbar) 

7.0 

- 

Bi  V (68  kbar) 

6.7 

- 

Bi  VI  (90  kbar) 

3.55 

- 

103b 


V.  RESISTIVITY  OF  SKYLAB  3 AND  4 SOLIDIFIED 
Al-Cu  EUTECTIC  (M566) 


The  solidification  of  an  eutectic  involves  the  decomposition  of  a 
single  liquid  phase  into  two  solid  phases.  The  Al-Cu  eutectic  directionally 
solidified  on  Skylab  consists  of  alternating  layers  or  lamellae  of  Al  and 
Al2Cu  with  a typical  lamellar  thickness  varying  between  3,4  and  4.1  ym.  For 
a detailed  description  of  the  experiment  and  for  typical  photomicrographs  of 
the  lamellar  structure,  see  the  paper  presented  by  Hasemeyer [14]  or  the 
final  report  on  the  M566  Experiment [15] . 

The  electrical  properties  of  single-phase  metals  are  relatively  well 
under stood [7] , whereas  the  electrical  properties  of  two-phase  alloys,  such 
as  directionally  solidified  eutectics,  have  only  recently  received  atten- 
tion [16  , 17  , 18]  . The  final  report  on  the  M566  Experiment  will  show  that  the 
electrical  resistivities,  p,  of  directionally  solidified  eutectics  with  a 
lamellar  structure  are  highly  anisotropic  and  can  be  completely  specified 
if  four  parameters  are  known.  These  parameters  are  the  electrical  resis- 
tivity of  the  two  individual  components  (i.e.,  pi  and  P2)*  the  volume  ratio 
v of  the  phases,  and  a lamellar  orientation  angle  9 which  is  defined  herein. 
With  the  first  three  parameters,  one  may  calculate  the  resistivity,  px  , 
perpendicular  to  and,  p|{  , parallel  to  the  lamellar  structure.  That  is,  it 
will  be  shown  that 

Pji  * r(l  + v)/(r  + v)  (3) 

and 

Px  « (1  + rv)/(l  + v)  , (4) 

where  r is  the  resistivity  ratio  P2/P1.  The  volume  ratio,  v = ^/V^,  may  be 
calculated  from  precise  density  measurements  or  determined  from  measurements 
of  the  lamellar  spacing: 

v - A2/.\1  , (5) 

where  Ai  is  the  lamellar  thickness  of  the  first  phase  and  A2  is  the  thick- 
ness of  the  second  phase. 

The  resistivity  for  any  arbitrary  direction  can  then  be  shown  to  be 

p(0)  = px  cos2  0 + p|f  sin2  0 , (6) 

where  0 is  the  angle  between  a specified  direction  in  the  material  and  a 
vector  normal  to  the  lamellar  structure. 

Directionally  solidified  samples  of  Al-Cu  eutectic  consist  of  alter- 
nating layers  of  A^Cu  and  Al  doped  with  less  than  1 percent  Cu.  Our 
density  measurements  indicate  that  the  samples  have*  only  a slightly  higher 
volume  fraction  of  Al  (51  percent)  than  A^Cu.  The  resistivity  of  Al-Cu 
eutectic  and  components  can,  thus,  be  characterized  by  the  data  in  Table  II. 
In  Table  II,  the  resistivity  value  for  A^Cu  is  a measured  bulk  value,  and 
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the  value  tor  Al  is  for  pure  Al.  The  resistivity  values  for  the  eutectics 
are  calculated  from  Kquations  (3)  through  (6). 


Table  II.  Electrical  resistivity  characterization  of 
Al-Cu  eutectic 


Material 

Al 

Al0Cu 
Eutectic 
Px  - P(0°) 

P„  = 0(^0°) 

p(45°) 


Resist ivity 
[ uL?-cm ] 

2.74 

6.27 

4.47 

3.78 

4.12 


Because  the  resistivity  In  these  eutectic  samples  is  relatively  low 
and  the  sample  diameters  are  relatively  large  (6.1  mm),  conventional 
techniques  for  measuring  resistivity  are  not  sufficiently  accurate.  There- 
fore, it  became  necessary  to  develop  a better  technique  which  extends  the 
accuracy  of  the  measurements  from  about  5 percent  to  about  0.4  percent.  In 
this  new  technique,  we  measured  the  decay  of  eddy  currents  in  a manner 
similar  to  the  systems  as  first  described  by  Bean[10]. 


In  the  eddy-current-decay  technique,  a rapidly  decreasing  axial 
magnetic  field  generates  eddy  currents  which  flow  around  the  cylindrical 
sample  and  decay  in  a ciiarac teristic  time  which  depends  on  the  local 
resistivity  of  the  sample.  It  will  be  shown  in  the  final  report  that  the 
eddy  currents  average  out  the  angular  dependence  of  p(0)  as  given  by 
Equation  (6)  to  yield 

P (EC)  = (ox  + p„  )/2  = p (45° ) (7) 

where  o(EC)  represents  the  measured  p by  the  eddv  current  technique.  The 
expected  value  of  p(4b°)  Is  also  given  in  Table  II. 

A typical  result  indicating  the  resistivity  variation  in  the  samples 
as  a function  of  length  is  shown  in  Figure  5,  where  the  local  resistivity 
of  a zero-g  sample  melted  on  Skvlab  4 (sample  M566-8)  is  compared  to  a 1-g 
melted  sample  (M566-12).  The  error  bar  represents  a typical  reproducibi- 
lity of  the  measurement.  The  drawing  at  the  top  of  the  graph  shows  the 
relative  position  of  the  sample  (M566-8)  and  important  identifying  fea- 
tures such  as  the  rnmelt  line.  The  dashed  line  in  Figure  3 represents  the 
theoretical  value  for  a perfect  sample  given  in  Table  II. 

Note  that  the  resistivity  value  of  the  hot  end  of  both  samples  is 
about  the  same  and  agrees  with  the  theoretical  value.  Likewise,  p(EC) 
agrees  for  both  samples  In  the  unmelted  positions  of  the  material.  What 
is  indeed  surprising  is  that  the  local  resis t ivi t ies  are  quite  different 
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in  the  center  part  of  the  melted  samples,  with  a peak  occurring  in  the 
flight  material. 

Since  the  peak  in  the  resistivity  occurs  near  the  surface  defor- 
mation of  the  flight  sample,  it  was  suspected  that  uhe  two  are  closely 
related.  To  determine  if  there  is  any  correlation  between  the  peak  and 
the  deformation,  the  cross  sectional  areas  of  the  samples  were  measured. 
The  results  of  the  cross  sectional  area  measurements  indicated  that  there 
is  a close  correlation  between  the  resistivity  values  and  the  surface 
deformation,  but  these  deformations  are  not  severe  enough  to  account  for 
the  total  height  of  the  peak.  It  is  expected  that  part  of  the  increase  in 
resistivity  is  associated  with  a disturbance  of  the  lamellar  structure. 

The  interpretation  of  the  results  of  the  peak  in  resistivity  will 
require  further  study.  We  will  attempt  to  correlate  the  resistivity  data 
with  photomicrographs  supplied  by  the  metallurgical  investigators.  It 
should  be  noted  that  the  peak  effect  occurs  in  all  flight  samples  at  the 
same  location,  including  those  processed  on  Skylab  3.  Additional  physical 
properties  of  the  sample,  such  as  resistivity  ratios  T = p (300K) /p (4 . 2K) 
and  densities  can  be  found  in  References  [15]  or  [18]. 

VI.  CONCLUSIONS 


When  immiscible  materials  are  dispersed  and  subsequently  solidified 
in  a low-gravity  environment,  unique  composite  solids  can  be  formed.  The 
electronic  properties  of  such  materials  can  be  quite  different  from  the 


properties  ot  trie  tasic  constituents  and  will  depend 
persion.  There  are  a wide  variety  of  possible  material  combinations  which 
can  lead  to  numerous  electrical  or  electronic  applications . The  initial 
experiments  on  zero-g  processed  Ga-Bi  samples  indicate  semiconducting, 
normal  conducting,  and  superconducting  type  properties  in  the  same  sample. 
As  described  in  the  section  on  Theoretical  Concepts,  such  a range  of 
electrical  properties  cannot  occur  In  single-phase  alloys.  Some  of  the 
electrical  properties  can  be  qualitatively  correlated  with  photomicro- 
graphs. An  even  finer  dispersion  of  Ga  in  Bi  below  1 um  particle  size 
should  increase  the  peak  in  resistivity.  The  high  Tc  observed  in  our 
samples  cannot  be  correlated  with  zero-g  processing  but  may  be  related  to 
some  high  pressure  or  thin  film  modifications  in  the  bulk  material. 


The  electrical  resistivity  of  directionally  solidified  Al-Cu  eutectic 
is  anisotropic  and  can  be  well  characterized  by  Equations  (3)  through  (7) 
and  the  data  of  Table  II.  The  local  resistivity  as  a function  of  length 
along  the  samples  differed  between  the  Skylab  and  ground-processed  samples, 
with  the  Skylab  samples  always  exhibiting  a peak  in  resistivity  near  the 
surface  deformation.  The  peak  in  resistivity  is  not  yet  well  understood 
but  is  believed  to  be  associated  with  changes  in  the  lamellar  structure. 
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FIGURE  1.  A CLASSIFICATION  OF  THE  POSSIBLE  ELECTRONIC 
COMPONENTS  OF  AN  IMMISCIBLE  SYSTEM. 


GALLIUM  - BISMUTH 
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FIGURE  2.  PHOTOMICROGRAPHS,  REPRODUCED  FROM  REFERENCE  [4], 

OF  TYPICAL  SAMPLES  OF  THE  IMMISCIBLE  SYSTEM  Ga-Bi. 
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FIGURE  5.  LOCAL  RESISTIVITY  MEASURED  BY  THE  EDDY-CURRENT-DECAY 
TECHNIQUE  FOR  A SKY LAB  AND  A GROUND  CONTROL  SAMPLE  OF 
Al-Cu  EUTECTIC  ALLOY. 
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PROJECTED  FUI URE  SPACE  PROCESSING  ACTIVITIES 


By 

Dr.  James  H.  Bredt 
NASA  Office  of  Applications 
Washington,  D.C.  20546 


The  purpose  of  this  concluding  paper  of  the  Third  NASA  Space 
Processing  Symposium  is  to  review  where  the  space  processing  program 
stands  with  respect  to  its  long  range  objectives  and  what  plans  have 
been  made  to  pursue  them  in  the  next  several  years.  Very  briefly,  these 
objectives  can  be  summed  up  in  the  statement  that  we  are  trying  to  make 
a permanent  place  for  space  processing  as  an  integral  part  of  the  world's 
materials  technology,  and  from  this  broad  viewpoint  there  are  two  things 
that  are  clearly  necessary  to  reach  the  program’s  goal.  One  of  them 
is  a space  flight  system  large  enough  to  support  materials  research  and 
development  work  on  a significant  scale  and  eventually  support  manufac- 
turing operations  as  well  if  these  develop.  The  other  is  a group  of 
materials  scientists  and  engineers  large  enough  to  do  space  research  and 
development  on  a scale  that  can  impact  materials  science  and  technology 
an a eventually  develop  manufacturing  as  well  as  research  applications 
of  space  processing. 

We  can  be  reasonably  certain  that  the  Space  Shuttle  and  Spacelab 
will  provide  suitable  flight  capabilities  for  space  processing  when  they 
become  operational,  and  in  fact  the  point  of  "he  payload  planning  studies 
described  by  K.  R.  Taylor  at  this  Symposium  has  been  to  ensure  their 
suitability.  To  date  we  believe  that  the  right  design  choices  have  been 
made  in  both  systems  from  the  space  processing  viewpeint;  the  next  steps 
that  are  planned  in  the  Shut tl e/Spacelab  payload  area  will  be  discussed 
below. 


On  the  other  hand,  the  development  of  a group  of  users  for  the 
Shuttle  and  Spacelab  systems  calls  for  a kind  of  engineering  that  is 
very  different  from  what  one  does  for  payload  planning  and  development. 
The  space  processing  program’s  development  plans  in  this  area  are  dis- 
cussed in  the  following  two  sections,  which  detail  what  we  have  done  and 
plan  to  do  to  ensure  that  the  space  processing  community  will  be  ready 
to  make  full  use  of  the  resources  that  will  become  available  to  them  in 
19S0 . 


SKYLAB  AND  ASTP  EXPERIMENT  PROGRAMS 

Since  the  middle  of  1971  we  have  regarded  the  space  processing 
experiment  program  on  Skylab  in  part  as  a user  development  project,  and 
the  successful  completion  of  the  flight  experiments  has  brought  this 
aspect  of  the  effort  approximately  to  its  halfway  point.  The  other  half 
of  the  project  consists  of  thoroughly  understanding  the  results  of  the 
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experiments  and  Informing  the  scientific  and  industrial  community  about 
what  they  mean.  There  is  no  formal  schedule  for  this  part  of  the  effort, 
and  although  the  program  obviously  cannot  afford  to  be  dilatory  we  should 
like  to  make  sure  that  the  investigators  work  as  long  as  they  need  to 
and  have  whatever  help  is  required  to  achieve  a full  understanding  of 
their  results.  We  also  wish  each  of  them  to  publish  complete  details 
of  their  work  in  the  permanent  open  literature  of  their  respective 
scientific  and  engineering  disciplines.  The  latter  is  important  in 
order  to  show  scientists  and  engineers  who  have  never  considered  using 
space  capabilities  in  their  work  that  some  of  their  colleagues  have  used 
space  and  male  discoveries  that  would  not  have  come  about  otherwise. 

I believe  that  this  last  function  of  the  Skylab  experiment  program 
is  the  really  vital  one  it  has  to  perform,  because  its  effects  in  ini- 
tiating action  by  other  investigators  will  be  felt  long  after  the  experi- 
ments themselves  have  become  of  purely  historical  interest.  Tt  is  very 
encouraging  that  the  presentations  at  this  Symposium  have  indicated  that 
the  publications  from  the  Skylab  program  will  evidently  be  of  great 
interest  to  the  people  we  wish  to  reach,  and  it  is  also  gratifying  that 
the  AST?  program  will  continue  the  activity  begun  on  Skylab  and  multiply 
its  effects.  These  two  programs  should  have  the  effect  of  producing  a 
fairly  steady  flow  of  publications  at  least  through  1977,  which  will  be 
of  a considerable  value  in  preparing  for  Shuttle  and  Spacelab  activities. 
In  addition,  we  hope  tn  make  good  use  of  the  advice  of  experienced  Sky- 
lab and  AS TP  investigators  in  our  planning  activities  henceforth. 

SOUNDING  ROCKET  EXPERIMENT  PROGRAM 

Assuming  that  we  do  succeed  in  interesting  a wider  community  in 
space  processing,  the  next  thing  that  is  needed  is  a way  for  them  to 
give  practical  effect  to  their  interests  by  trying  out  what  space  can 
do  for  them.  However,  a complete  payload  has  already  been  selected  for 
the  ASTP  mission,  which  is  the  last  manned  flight  scheduled  before  the 
Shut t 1 p/Spncel ab  program  begins.  The  only  other  alternative  seems  to 
be  to  conduct  our  own  flight  program,  and  it  is  because  of  this  that  the 
Office  of  Applications  has  decided  to  initiate  a series  of  sounding  rocket 
experiments  flights  in  FT  1975,  as  Mr.  Mathews  announced  in  his  keynote 
speech.  Mr.  Wuenscher  has  given  an  elegant  justification  for  sounding 
rocket  experiments  in  his  presentation,  but  from  the  mundane  standpoint 
of  a program  manager  I have  to  admit  that  the  decision  was  made  mostly 
because  such  experiments  promise  to  be  reasonably  useful  for  a fairly 
wide  range  of  topics  and  they  were  the  best  that  we  could  afford. 

We  believe  that  a satisfactory  capability  for  sounding  rocket 
experiments  involving  weightlessness  will  soon  be  demonstrated.  During 
the  month  of  May,  the  Goddard  Space  Flight  Center  has  scheduled  two 
rocket  flights  carrying  a system  designed  to  limit  payload  accelerations 
to  lCT^g  in  free  flight.  Concurrently  with  these  tests,  we  intend  to 
prepare  an  Announcement  of  Flight  Opportunity  for  space  processing  ex- 
periments with  a target  date  of  May  31  for  signature  if  GSFC  meets  its 
schedule  and  if  the  system  works  as  designed.  The  mechanics  of  production 
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and  distribution  for  Announcements  of  Flight  Opportunity  are  such  that 
addressees  should  receive  their  copies  In  the  mail  by  about  July  1 if 
we  meet  our  planned  signature  date. 

Our  baseline  plan  for  the  sounding  rocket  program  calls  for 
flying  a total  of  about  750  lb.  of  experimental  apparatus  (about  equal 
to  the  experiment  payload  of  the  ASTP  mission)  in  the  first  year  of 
flight  operations  and  building  up  to  a steady  rate  about  twice  as  large 
during  the  next  year  or  two.  Thereafter,  the  program  is  intended  to 
run  at  that  rate  until  the  Shuttle  becomes  available.  We  hope  to  com- 
plete the  first  series  of  flights  by  the  end  of  FY  1975  for  reasons  related 
to  the  NASA  budget  cycle,  so  that  the  first  participants  in  the  rocket 
program  will  involve  themselves  in  the  kind  of  high  pressure  development 
effort  that  had  to  be  staged  for  the  Skylab  Multipurpose  Furnace  experi- 
ments. Since  the  flight  program  will  be  continuous  over  a period  of 
years,  however,  the  initial  proposal  selection  can  cover  experiments 
with  a broad  spectrum  of  development  times,  and  we  can  fly  the  ones  with 
shorter  lead  times  first. 

The  more  interesting  aspect  of  the  rocket  program  is  the  use 
we  can  make  of  it  when  it  is  in  steady  state  operation.  The  Announce- 
ment of  Flight  Opportunity  for  the  program  will  be  open  and  international 
in  scope  like  the  Skylab  announcements,  and  like  them  it  will  express 
NASA's  continuing  interest  in  negotiating  cooperative  agreements  with 
private  organizations  that  wish  to  invest  in  experiment  activities  and 
secure  proprietary  rights  in  data  that  are  commensurate  with  the  amount 
of  their  investment.  Unlike  the  Skylab  announcements,  however,  rocket 
announcements  will  be  issued  with  yearly  revisions  and  remain  open  for 
proposals  until  we  decide  to  begin  closing  down  the  program. 

Therefore,  in  about  a year  we  expect  to  be  running  an  experiment 
program  that  has  many  analogies  to  the  Shuttle  program  itself.  Experiment 
selection  can  be  continuous  within  tie  constraints  imposed  by  financial 
cycles,  and  flight  opportunities  will  be  available  whenever  an  investi- 
gator with  a legitimate  reason  for  a series  of  experiments  can  be  ready 
to  start.  In  addition,  unlike  the  Skylab  and  ASTP  progiams,  the  rocket 
program  can  be  expanded  above  its  baseline  level  if  this  seems  to  be 
warranted  by  the  degree  of  user  interest  and  the  value  of  the  experiment 
results  it  produces. 

By  running  the  program  in  this  way,  we  hope  to  build  up  a much 
larger  group  of  experienced  space  processing  experimenters  than  Skylab 
and  ASTP  could  provide,  and  also  to  create  a general  consciousness  of 
the  utility  of  space  methods  in  the  several  materials  communities  whose 
interests  are  affected.  If  all  goes  well,  we  may  also  be  able  to  develop 
the  kinds  of  policies  and  administrative  precedents  that  are  needed  for 
commercial  participation  in  the  Shuttle  experiment  program. 

To  summarize,  we  think  that  we  can  reasonably  expect  to  conduct 
experiment  operations  through  the  rest  of  the  1970’s  on  a scale  and  in 


a way  that  will  enable  the  space  processing  user  community  to  make  a 
fairly  smooth  transition  into  the  Shu t t le/SpncclaS  program  when  it 
begins.  In  the  remainder  of  this  paper.  I wish  to  turn  to  the  question 
of  planning  and  developing  Shuttle  and  Space  lab  payloads. 

SHUTTLE/ SPACELAB  PAYLOAD  PROGRAM 

In  the  payload  area,  as  in  relations  with  potential  users,  the 
space  processing  program’s  assignment  for  tie  1970’s  is  to  cope  with 
the  startup  problems  presented  by  an  experiment  program  much  larger 
than  anything  that  will  have  been  done  befoi e it  begins.  During  the 
payload  studies  that  Mr.  Taylor  has  described,  we  have  tried  to  estimate 
the  requirements  of  a fully  developed  space  processing  experiment  program 
so  as  to  support  the  design  of  the  Shuttle  and  Spacelab  systems.  In 
the  process,  we  have  found  that  it  will  be  possible  to  fly  tons  of  equip- 
ment on  the  Shuttle,  provide  between  10  and  20  kw  of  electric  power  if 
required,  and  prepare  literally  hundreds  of  samples  on  a single  seven 
day  mission.  On  the  other  hand,  since  the  design  features  of  these 
large  flight  systems  are  quite  insensitive  to  most  details  of  individual 
experiments,  most  of  our  work  to  date  has  been  done  with  very  general 
and  approximate  estimates  of  requirements. 

The  Space  Shuttle’s  basic  design  is  now  quite  well  defined,  and 
all  of  the  major  design  choices  for  the  Spacelab  system  will  be  made  by 
the  t iine  of  the  Prel  imiruiry  Design  Review  which  is  fo  be  he  It]  hhtIv 
next  year.  Most  of  the  data  that  will  represent  the  space  processing 
program’s  influence  on  these  design  choices  have  already  been  prepared, 
and  the  rest  of  what  needs  to  be  done  involves  specialized  engineering 
topics  that  need  not  be  discussed  here. 

The  next  payload  problem  to  be  faced  is  that  of  designing  and 
building  the  equipment  that  must  be  ready  when  Shuttle  and  Spacelab 
operations  begin,  and  I believe  that  the  results  presented  at  this  Sym- 
posium have  made  it  virtually  certain  that  space  processing  will  be  one 
of  the  disciplines  that  actually  builds  payloads  for  the  early  Shuttle 
flights.  Building  these  payloads  will  be  much  the  largest  project  that 
the  space  processing  program  has  undertaken,  and  the  first  step  in  the 
process  must  be  to  define  what  our  equipment  requirements  will  be  in 
1980-82  as  far  as  we  can  foresee  them,  both  for  experiments  we  can  plan 
now  and  for  ones  that  may  be  proposed  after  another  five  years  of  pro- 
gress. These  requirements  are  sure  to  be  quite  different  from  the 
approxima t ions  that  were  appropriate  during  the  Shuttle  and  Spacelab 
design  phases. 

The  business  of  defining  requirements  for  our  early  Shuttle  and 
Spacelab  payloads  will  call  upon  us  to  use  all  of  the  information  that 
can  be  brought  to  bear  from  the  Sky lab  program  and  other  available 
sources.  We  are  now  in  tha  process  or  planning  how  to  do  this,  and 
most  of  the  details  remain  to  be  settled,  but  the  broad  outUnes  are 
sufficiently  clear  so  that  they  can  be  sketched  here. 


The  medium  we  plan  to  use  to  assemble  preliminary  requirements 
is  an  Announcement  of  Planning  Opportunity  to  be  issued  at  the  end  of 
this  summer,  calling  for  proposals  to  participate  in  a consulting  panel 
activity  to  begin  definition  of  payloads  for  early  Shuttle  experiment 
operations.  From  various  contacts  we  have  had  since  the  Sky lab-3  mission 
landed,  I believe  that  the  response  to  this  announcement  is  likely  to 
be  quite  lively,  and  that  we  can  assemble  a strong  group  to  assist  us. 

The  planning  panel  to  be  set  up  in  this  way  will  need  to  compile 
a fairly  comprehensive  set  of  preliminary  requirements  by  the  end  of 
the  year,  because  we  wish  to  begin  Phase  A engineering  studies  of  our 
payloads  early  next  year  after  the  Spacelab  design  solidifies.  The 
engineering  contractors  will  be  expected  to  combine  the  data  that  will 
then  be  available  on  spacecraft  interfaces  and  constraints  with  the 
requirements  generated  by  the  planning  panel  to  derive  design  envelopes 
and  conceptual  designs  for  equipment  that  meets  the  requirements  and 
uses  the  resources  of  the  vehicles  efficiently.  During  the  course  of 
the  studies  the  engineering  work  will  be  reviewed  periodically  with 
the  planning  panel,  and  we  expect  that  the  panel* s thinking  will  evolve 
significantly  as  the  engineering  implications  of  their  recommendations 
become  visible.  We  therefore  intend  to  keep  the  planning  panel  active 
throughout  the  Phase  A period  and  ro  call  for  several  revisions  of 
their  recommendations.  The  Phase  A activity  will  conclude  with  a Pre- 
liminary Requirements  Review  in  the  first  quarter  of  1976. 

The  results  of  the  Phase  A.  activity  will  be  used  to  portray 
the  prospective  space  processing  capabilities  of  the  Shuttle  and  Spacelab 
in  an  Announcement  of  Flight  Opportunity  and  to  construct  a Statement 
of  Work  for  a Phase  B payload  definition  study.  A group  of  intending 
experimenters  will  be  selected  from  among  the  respondents  to  the  announce- 
ment and  will  function  during  Phase  B as  the  planning  panel  did  in  Phase 
A;  that  Is,  they  will  pi'ovide  requirements  data  to  the  engineering  contractor 
on  their  general  disciplines  as  well  as  on  the  specific  experiments  which 
they  are  under  contract  to  implement.  The  engineering  contractor  will 
ho  charged  with  assembling  detailed  spec  if ica t ions  for  a sufficient 
initial  complement  of  general  purpose  payload  equipment,  beginning  with 
the  items  that  have  the  longest  lead  times.  We  expect  that  the  first 
approved  specif icat ions  will  be  released  in  the  spring  of  1977  and  that 
the  first  contracts  for  design  and  construction  of  equipment  to  fly  in 
1980  will  be  let  in  the  second  half  of  1977. 

The  Announcement  of  Flight  Opportunity  will  be  renewed  and  new 
experimenters  selected  yearly  after  1976,  so  as  _o  build  up  an  experiment 
program  that  will  fill  the  available  Shutt le/Spacelah  resources  when 
the  flight  program  begins.  The  experimenters  will  h^  kept  directly  In- 
volved in  all  stages  of  equipment  definition,  design  and  development, 
and  work  on  new-^quipment  items  will  be  initiated  at  least  yearly  after 
1976  in  response  to  requirements  raised  by  the  yearly  selection  of  new 
experiments.  We  expect  that  payload  development  will  pass  through  a 
period  of  peak  effort  in  the  two  years  before  Shuttle  operations  begin 
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and  then  slacken  to  a lower  steady-state  level  when  the  inventory  of 
available  equipment  becomes  large  enough  to  meet  most  ordinary  experi- 
mental needs. 

Finally,  I feel  that  it  is  possible  to  venture  only  one  predic- 
tion regarding  what  will  happen  when  the  Shutt le/Spacelab  experiment 
program  begins,  but  I think  that  this  prediction  has  a solid  basis  in 
the  data  reviewed  for  us  at  the  present  Symposium.  We  have  learned 
in  the  past  two  days  that  about  a third  of  the  space  processing  acti- 
vities p-erformed  on  the  Skylab  missions  have  produced  results  whose 
implications  reach  well  beyond  what  anyone  expected  beforehand.  If 
this  proportion  is  maintained  in  the  Shuttle  era  when  ve  shall  be  per- 
forming hundreds  of  experiments  per  year,  I am  confident  that  the  first 
few  years  of  operations  will  be  a period  of  explosive,  revolutionary 
growth  in  space  processing,  and  that  tuey  will  lead  to  developments  in 
materials  science  and  technology  which  wll  surpass  the  boldest  Ideas 
v®  can  conceive  today. 
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